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REMARKS 

Claims 1-31 were originally pending in the Application. Claims 20-28 and 
30 are withdrawn as non-elected subject matter. Applicants preserve the right to 
pursue the withdrawn subject matter by way of divisional application(s) if 
5 Applicants choose to do so. 

The allowance of Claims 18-19 is sincerely appreciated. Claims 5 and 7-9 
are objected to. 

Claims 2 and 10 were rejected under 35 U.S.C. § 112, second paragraph, 
on indefiniteness reasoning. The infractions that the Examiner pointed out are 
10 corrected in this Amendment. 

Claims 1-4, 10, 12-17, 29 and 31 were rejected under 35 U.S.C. § 102 (a) 
or 102(b) based on various published compounds. Applicants have now added a 
proviso to claim 1 to remove these compounds form the claim. Applicants believe 
that this Amendment adequately addresses the Examiner's concerns, and 
15 respectfully request the withdrawal of the 102(a) and 102(b) rejections. 

Claims 1-4, 6, 10-17, 29 and 31 were rejected under 35 U.S.C. § 103 (a) as 
being unpatentable over Oku , U.S. 5,574,042. The Examiner points out that the 
reference compound has a methyl in the 2-position, whereas the present 
compounds do not. However, the Examiner states: "At the time of the invention, 
20 one of ordinary skill in the art would have been motivated to replace the methyl 
with the alternative hydrogen to arrive at the instant invention with the reasonable 
expectation of obtaining an additional bradykinin antagonist compound ... ". 
Applicants respectfully disagree with the Examiner's contention for the following 
reasons: 

25 The instantly claimed compounds are structurally dissimilar from the 

reference's teaching and their structures or synthesis are not taught by the 
reference. Additionally, pharmaceutical art is notoriously unpredictable. Any 
changes in the structure of a molecule may so drastically and significantly change 
the biological activity that the prediction of the utilities becomes impossible. This 
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fact is well known in the art. Applicants are enclosing five articles to illustrate this 
point: 

1 st illustration (EXHIBIT A): Applicants would like to bring to the attention of 
the Examiner the attached copy of C. Breitenlechner et al, Structure, H, 1595- 
5 1607 (December 2003), with relevant passages highlighted. The article compares 
two kinase inhibitors (H-1 152P and HA-1077) whose structures shown on page 
1596 differ only as methyl versus non-methyl compounds. As the article clearly 
shows, the methyl compound H-1152P shows a 200-fold increase in inhibitory 
activity and also a 40- to 100-fold increase in selectivity, when compared to the 
10 non-methyl analog, HA-1077. 

2 nd illustration (EXHIBIT B): Yet another evidence to the same effect is 
provided by R. Capdeville et al, Nature Reviews, \, 493-502 (July 2002). The 
authors, all from Novartis Pharmaceuticals (the makers of the commercial anti- 
cancer compound Glivec®) discuss (on page 494, left column, marked part) the 

15 activity of a methyl-substituted compound (structure c in Fig. 1 ) with its non-methyl 
analog (structure b in Fig. 1 ). The authors state: "At this point, a key observation 
from analysis of structure-activity relationships was that a substitution at position 6 
of the diaminophenyl ring abolished PKC inhibitory activity completely. 
Indeed, although the introduction of a simple 'flag-methyl' led to loss of activity 

20 against PKC, the activity against protein tyrosine kinases was retained or even 
enhanced... " (bolding added). Thus, as the authors note, the substitution of a 
methyl for a H abolished the PKC inhibitory activity completely. Applicants submit 
that owing to such unpredictable nature of biological activity, neither the instant 
compounds nor their utilities can be predicted from the cited art, and, therefore, 

25 the instant claims cannot be considered to be obvious over the art cited. 

3 rd illustration (EXHIBIT C): Applicants would like to bring to the attention of 
the Examiner the attached copy of J. Hunt et al, J. Med. Chem., 47, 4054- 4059 
(2004), with relevant data on page 4056 highlighted. This article compares the 
effect of changing H to methyl, among others, in the structure of pyrrolotriazines 
30 on their kinase inhibitory activity. Thus, for example, compounds 13 and 16 in 

Table 1 in EXHIBIT C differ only as H versus methyl. As the article clearly shows, 



17 

the activity drops from 0.51 nM for the H-containing compound to 29.4 nM for the 
methyl compound, which is a huge and significant drop. 

4 th illustration (EXHIBIT D): Yet another evidence to the same effect is 
provided by G. Rewcastle et al, J. Med. Chem., 41, 742-751 (1998). Here too, the 
5 effect of changing H to Me can be seen in the highlighted compounds 6b and 9b 
in Table 1 on page 744. When X is changed from H to Me, the kinase inhibitory 
activity (IC 5 o) goes up from 9 nM to 0.45 nM (the reverse to what EXHIBIT C 
shows), demonstrating the unpredictability of structural changes on biological 
activity. 

1 0 5 th illustration (EXHIBIT E): Yet another evidence to the same effect is 

provided by Y-T Chang et al, Chemistry & Biology, 6(6) , 361-375 (June 1999). 
Here too, the effect of changing H to Me to ethyl to isopropyl to n-butyl to 
cyclopentyl can be seen in the highlighted compounds 1 , 24, 12, 3, 2 and 21 
respectively in Figure 9 on page 366. When R is changed from H to Me to ethyl to 

15 isopropyl to n-butyl to cyclopentyl, the CDK2/cyclic A activity ratio changes all over 
the place from about 7 (see the bar chart) to about 3.8, to about 0.5, to about 1 , to 
about 2.4, to about 0.8 respectively, demonstrating the unpredictability of 
structural changes on biological activity. 

Therefore, Applicants want to emphasize the lack of predictability or 
20 correlation between even minor structural changes (even homologs) and 

biological activity in a molecule. Such a change in activity can at times lead to lack 
of utility too in certain compounds as evidenced above. Therefore, Applicants 
strongly and respectfully disagree with the Examiner's contention that when two 
compounds differ by having a methyl group in place of hydrogen, i.e., differing as 
25 homologs, such structurally homologous compounds would be expected to 
possess similar utilities. Withdrawal of the 103(a) rejection is, therefore, 
respectfully requested. 
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There being no other rejections pending, Applicants believe that the claims, 
as amended, are in allowable condition and such an action is earnestly solicited. 
If the Examiner has any questions, the Examiner is invited to contact the 
undersigned. 
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Schering-Plough Corporation 
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Patent Department, K-6-1,1990 
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Fax: (908) 298-5388 



Respectfully submitted, 




Dr. Palaiyur S. Kalyanaraman 
Attorney for Applicants 
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Summary 

Protein kinases require strict inactivation to prevent 
spurious cellular signaling; overactivity can cause can- 
cer or other diseases and necessitates selective inhi- 
bition for therapy. Rho-kinase is involved in such pro- 
cesses as tumor invasion, ceil adhesion, smooth 
muscle contraction, and formation of focal adhesion 
fibers, as revealed using inhibitor Y-27632. Another 
Rho-kinase Inhibitor, HA-1077 or Fasudil, is currently 
used in the treatment of cerebral vasospasm; the re- 
lated nanomolar inhibitor H-1152P improves on its se- 
lectivity and potency. We have determined the crystal 
structures of HA-1077, H-1152P, and Y-27632 in com- 
plexes with protein kinase A (PKA) as a surrogate kinase 
to analyze Rho-kinase inhibitor binding properties. 
Features conserved between PKA and Rho-kinase are 
involved in the key binding interactions, while a combi- 
nation of residues at the ATP binding pocket that are 
unique to Rho-kinase may explain the inhibitors' Rho- 
kinase selectivity. Further, a second H-1152P binding 
site potentially points toward PKA regulatory domain 
interaction modulators. 

Introduction 

Protein kinases are phosphorylation enzymes that con- 
trol cellular signaling events and accordingly may cause 
a wide range of diseases when defective. Since they 
are typically active only when signaling, most of the 
diseases associated with protein kinase deregulation 
(including the majority of all cancers) arise from excess 
activity due to mutation, overexpression, or disabled 
cellular inhibition. Other protein kinases contribute to 
disease in the course of their normal function in cellular 

'Correspondence: dJBossemeyefedkfz.de (D.B.), enghOblochefn. 
mpgde (RA.E.) 



processes such as cell survival or cell migration. The 
prevalence of kinases to cause or augment disease un- 
derscores the need for therapeutic protein kinase inhibi- 
tors, with the caveat that they must be highly selective 
for their d Unregulated targets to avoid inhibition of other 
ubiquitous but essential protein kinases. Several protein 
kinase inhibitors have been approved for human treat- 
ment or are in advanced clinical trials. The first was 
fasudil (HA-1 077 or AT877), which was approved in 1 995 
for the treatment of cerebral vasospasm, a painful and 
potentially deadly result of subarachnoid hemorrhage. 
Fasudil has significant vasodilatatory activity (Ono-Saito 
et al., 1 999) and is now undergoing clinical trials for the 
treatment of angina pectoris (Shimokawa et al., 2001). 
Fasudii's activity has been attributed to inhibition of 
Rho-kinase (Matsut et al., 1 996) and its role in signaling 
for myosin light chain phosphorylation and arterial 
smooth muscle contraction (Amano et al., 1996), al- 
though the in vitro activity of fasudil is not strictly limited 
to Rho-kinase. Other Rho-kinase- related protein ki- 
nases, such as PKA, PRK2, MSK1 , and S6K1 , are also 
inhibited by fasudil, although to a lesser extent (Davies 
et al., 2000). Fasudil is related to H7, an isoquinoline 
sulfonamide derivative that is a weak PKC inhibitor (Hi- 
daka et al., 1984) and whose protein kinase binding 
mode was shown by the cocrystal structure with PKA 
(Engh et al., 1 996). Fasudil has a heptameric homopiper- 
azine ring at the position of the methyl-piperazine ring 
of H7 (Figure 1). Further derivitization of fasudil led to 
H-1 1 52P, with two additional methyl groups, one at the 
isoquinoline ring and the other at the homopiperazirte 
ring (Tanaka et al., 1 998). H-1 1 52P has a better inhibitory 
profile than HA-1077, with a Ko value for Rho-kinase in 
the low nanomolar range and a reportedly enhanced 
selectivity (Tanaka et al., 1998; Sasaki et al., 2002). Rho- 
kinase may be an important pharmacological target also 
for cancer because of its role in the phosphorylation of 
focal adhesion kinase (Sinnett-Smith et al., 2001) and 
the invasion and migration of cancer cells (for reviews, 
see Fukata et al., 2001 ; Amano et al., 2000). Regarding 
the latter, Itoh et al. (1999) showed that the migration 
of rat MM1 hepatoma cells was prevented by the Rho- 
kinase inhibitor Y-27632. As a pyridine derivative, 
Y-27632 differs in its chemical structure from H inhibitors 
described above. It has a Ko of 1 40 nM for Rho-kinase 
and 25 jtM for PKA (Ishizaki et al., 2000) and is ATP 
competitive, like the H inhibitors (Trauger et al., 2002; 
Ikenoya et al., 2002). 

Crystal structure analyses of protein kinase inhibitor 
complexes reveal the intermolecular interactions re- 
sponsible for ligand binding and thereby enable struc- 
ture-based rational design and optimization of kinase 
inhibitors. To date, crystal structures have been deter- 
mined for some 30 protein kinases, representing less 
than 6% of the 51 8 protein kinases in the human genome 
(Manning et al., 2002). Many of these structures have 
been complexes with protein kinase inhibitors, but most 
have shown an inactive state. As a serine-threonine ki- 
nase of the AGC group, Rho-kinase possesses a cata- 
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Figure 1. Chemical Structures of the Inhibitor* Y-27632, HA-1077, 
and H-11S2P 



lytic domain closely related to other AGC group kinases, 
among them PKA, PKB, PKC, and PKG, although no 
crystal structure of Rho- kinase has been reported. The 
close relationship between PKA and Rho-kinase and the 
well established crystallization conditions for PKA make 
PKA a suitable model system for studying Rho-kinase 
inhibitors. Furthermore, cocrystallization of PKA with 
Rho-kinase inhibitors helps identify factors governing 
cross selectivity of protein kinase inhibitors, a major 
concern in protein kinase inhibitor design. 

The ATP binding site residues conserved between 
PKA and Rho-kinase include Phe327 (PKA numbering). 
This residue Is a characteristic but not absolutely con- 
served feature of the AGC group of kinases. It is posi- 
tioned on the C-termina! polypeptide strand which 
stretches between the a helical catalytic domain lobe 
and the C-termina] anchor in the hydrophobic motif. 
Phe327 shields one side of the ATP pocket and lies 
adjacent to the adenine of ATP and aromatic groups of 
ATP-srte inhibitors (Prade et al., 1 997; Engh et ah, 1 996). 
Rho-kinase and PKA differ, however, in eight positions 
in the ATP binding pocket (Figure 2). Four of their side 
chains are in close (<4 A) contact with the inhibitors, 
corresponding to the following PKA— Rho substitutions: 
Leu49Ue, VaJ123Met, Thrt83Ala, and Glu127Asp. Be- 
cause the protein kinase fold is so highly conserved, 
variations of amino acid residues that line the ATP sub- 
site belong to the most important factors in defining 
inhibitor selectivity. Here we describe the crystal struc- 
tures of PKA in complex with HA-1 077 (at 2.2 A resolu- 
tion), with H-1 1 52P (1 .9 A), and with Y-27632 (2.0 A) and 



analyze the factors governing their relative affinities for 
PKA and Rho-kinase. The structures identify the binding 
interactions of the inhibitors in the ATP pocket The 
surface areas of the inhibrtor/PKA interface correlate 
well with their inhibitory activities. Furthermore, the spe- 
cific sequence differences between PKA and Rho- 
kinase provide an explanation for the observed higher 
affinity of these molecules for Rho-kinase. On the baste 
of these structural data, we propose models for the Rho- 
kinase-specific binding modes that rationalize the roles 
of the unique combination of amino acid residues found 
in the Rho-kinase ATP binding pocket In addition, a 
second, well ordered H-1152P molecule was observed 
in a surface region with contact to the phosphoryl group 
of Thrl 97 and to Lys189, both from the activation loop, 
and to Glu86 from Helix C, a region critical for kinase 
activity and protein-protein interaction. 

Results and Discussion 

Overall Structure 

The PKA complexes with Rho-kinase inhibitors Y-27632 
(PKA-Y), fasudil or HA-1077 (PKA-1077), and H-1152P 
(PKA-1152) were cocrystallized as ternary complexes 
with the recombinant catalytic subunit of cyclic AMP- 
dependent protein kinase (PKA) and the pseudo-sub- 
strate kinase inhibitor peptide [PKI(5-24)]. All three inhib- 
itor complexes crystallized in the orthorhombic space 
group P2 1 2 1 2 1 . The PKA-1152 and PKA-Y crystals have 
similar cell constants (ca. 74.1 , 76.6, 81 .0) and the same 
crystal packing arrangement (Table 1). PKA-1077 has 
slightly different cell constants (70.33, 73.67, 79.08) and 
different crystal contacts. The inhibitor molecules oc- 
cupy the ATP binding site; H-1152P binds additionally 
at a second site bounded by pThii97, helix C residues, 
and residues from the PKl(5-24) peptide of a symmetry 
related molecule. Apart from that, no direct contacts 
exist between any of the inhibitors and PKl(5-24). 

Open and Closed Conformations 
Ugand-induced conformational changes have been well 
documented for PKA (Prade et al., 1997; Johnson et 
al., 2001). Foremost among these are variations in the 
relative orientations of N- and C-terminal lobes, whose 
interface creates the ATP binding pocket The "open- 
ness" of the pocket ranges from "dosed" for PKA struc- 
tures with bound ATP or AMPPNP (PDB code 1ATP, 
1CDK) in the presence of pseudosubstrate, "closed" 
or "intermediate" for various inhibitors, to "open" for 
unliganded PKA (PDB code 1 J3H; Akamine et al., 2003). 
The extent of openness can be quantitatively character- 
ized by using several parameters. One Is the occurrence 
of a hydrogen bonding distance between NE2 of His87 
from helix C and pThrt 97 (03P) of the activation loop 
in the closed conformation. By this measure, the struc- 
tures of PKA-Y and PKA-1152 (Figure 3, green ribbon, 
2.5 A; yellow ribbon, 2.6 A) represent closed lobe struc- 
tures, whereas the PKA-1077 structure is- with a 4.6 A 
separation -an open structure (Figure 3, red ribbon). 

Glycine Loop 

The flexibility of the glycine loop is demonstrated by 
relatively high B factors and by the occurrence of drf- 
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Figure 2. Sequence Alignment of PKA and the Highly Similar Rho Kinase Family Members ROCK-I and ROCK-ll 

Blue backgrounds indicate identical residues whereas brown indicates conservative exchanges. Secondary structure elements of PKA (from 
Bossemeyer et al., 1 993) are indicated above the PKA numbering. The most highly conserved kinase residues are shown in rod letters. Inhibitor 
contacts are marked with light violet letters and boxes. Additionally, contacts with H-1152P in the second binding site are indicated in green. 



ferent positions in all three structures. The differing 
positions create ATP ligand binding sites that are pro- 
gressively more open among structures 1CDK (PKA/ 



PKI(5-24yMnAMP-PNP) (Bossemeyer et al., 1 993), PKA-Y, 
PKA-1152, and PKA-1077 (3, 4) (Figure 3C. blue, green, 
yellow, and red ribbon, respectively). There is also evi- 



Table 1. Data Collection and Refinement Statistics 




Y-27632 


H-1152P 


HA-1077 


Data Collection 








Space group 


P2A2, 


P2A2, 


P2,2 1 2 1 


Ceil (a, b, c) (A) 


74.0, 76.6. 80.7 


74.2, 76.4, 81.8 


70.3, 73.7, 79.1 


Resolution range (A) 


15.8-2.0 


10.91-1.9 


20-2.2 


Completeness (%) [last shell] 


97.8 [88.7] 


91 .8 [56.0] 


82.4 [59] 


IAt(I) [last shell] 


4.2 [1.4] 


7.5 [0.6] 


7.5 [1.3] 


Repast shell] 


0.12 [0.50] 


0.06 [0.51] 


0.10 [0.34] 


Refinement 








Number of atoms used in refinement 


3104 


3245 


2914 


R factor (%) 


18.1 


17.9 


21.7 


Free R factor (%) 


22.9 


21.7 


29.3 


Free R value test size (%) 


10.1 


5.0 


5.0 


Reflections used 


27.774 


32,327 


16,761 


Standard Deviation from Ideal Values 








Bond length (A) 


0.016 


0.017 


0.021 


Bond angles 0 


1.440 


1.491 


1.83 


Temperature Factors 






24.4 


All atoms 


39.4 


25.1 


Main chain/side chain atoms PKA 


37.6/40.0 


22.9/25.5 


23.1/25.2 


Main chain/side chain atoms PK1 
Inhibitor atoms 


32.8/36.7 


21.0723.9 


26.6/29.8 


38.3 


33.3 


23.2 


Solvent molecules 


50.3 


36.6 


25.8 


Inhibitor atoms (second) 




21.2 




Detement 




43.3 
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Figure 3. Binding of the Inhibitors to PKA 

(A) Open-closed conformations illustrated by an overlay of all three inhibitor structures (Y-27632, green; HA-1077, red; H-1152P, yellow) and 
the PKA-AMP-PNP (1CDK) complex (blue) for comparison. 

(B) In the PKA-HA1077 structure, helix C is further away from the activation loop, and the salt bridge His87-pThr107 is not formed. 

(C) A closer view of the binding pocket shows the inhibitor binding modes relative to AMP-PNP and the positions of the flexible glycine-loop. 
The inhibitor molecules occupy both the adenine and the ribose pocket, but not the triphosphate binding site. 



dence for multiple conformations of the glycine flap 
within a single crystal (data not shown). PKA-Y electron 
density maps suggest the partial occupancy of a more 
closed position of the glycine flap (especially involving 



turn residues Ser63-Phe54-Gly55), similar to that pre- 
viously observed with the H7 and H8 inhibitor complex 
structures of PKA (Engh et al. f 1996). Because none of 
the cocrystallized inhibitors occupies this site, they do 
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not have the structuring effect of the triphosphoryt group 
of ATP with its contacts to the glycine loop. 

Inhibitor Binding 

The chemical structures of the three inhibitors are shown 
in Figure 1 . They originate from two different chemical 
classes but share the general architecture of a planar 
ring system linked to a saturated ring. In the case of 
Y-27632, a pyridine ring is connected by an amide to a 
saturated para-aminoethyi cyclohexane ring. HA-1077 
and its derivative H-1152P share the basic scaffold of 
an isoquinoline ring connected to a homopiperazine ring 
by a sulfonamide linker. Compared to HA-1 077, H-1 1 52P 
has two additional methyl groups, one at the isoquino- 
line ring and another at the homopiperazine ring. These 
two methyl groups are thus responsible for the unique 
binding properties of the derivative. The planar ring sys- 
tems occupy the adenine subsite, while the linker and 
the saturated rings occupy the ribosyl subsite. The tri- 
phosphate subsite is not used by any of the inhibitors 
(Figures 3C and 4). 

Figure 4 shows the inhibitors in the ATP pocket and 
the F«-F e electron density maps with the inhibitor atoms 
omitted contoured at 2.5a. Y-27632 is well defined in 
the electron density (Figure 4A), which, however, does 
not uniquely identify the orientation of the cyclohexane 
ring chair conformer (see next paragraph). The typical 
intrinsic flexibility of the seven-membered homopipera- 
zine rings of HA-1077 and H-1152P is reflected in less 
well defined electron densities in this region (Figures 4B 
and 4C). The electron density of H-1152P (Figure 4C) 
has gaps in portions of the homopiperazine ring too, 
contradicting expectations that the two extra methyl 
groups should stabilize the ring conformations relative 
to HA-1077. In contrast, the homopiperazine ring of 
the H-1152P inhibitor bound outside the catalytic cleft 
close to Thrl 97 of the activation loop binds with a clearly 
defined electron density for the whole inhibitor (Fig- 
ure 40). 

Binding of Y-27632 

With a Ko value of 17.5 ± 3.87 jiM by surface plasmon 
resonance spectroscopy (SPR) and a 25 yJM K, value 
from previous kinetic data (Uehata et al., 1997), Y-27632 
has the weakest PKA inhibition of the compounds stud- 
ied here (Table 2). For Rho-kinase, however, Y-27632 
has a Ki value of 140 nM. This pronounced selectivity 
for Rho-kinase is further emphasized by data showing 
that Y-27632 inhibited only one other protein kinase 
(PRK2) from a panel of 34 kinases with similar potency 
(DaviesetaJ.,2000). 

Despite the relatively weak PKA inhibition, Y-27632 
cocrystallized readily and is clearly localized in the elec- 
tron density, although two orientations of a chair con- 
former of the cyclohexane ring are possible (Figure 4 A). 
To analyze the binding of Y-27632 to PKA, we consid- 
ered binding surfaces and hydrophobic (van der Waals), 
and hydrophilic (H bonds) interactions for both confor- 
mations (see Tables 3-5). The buried surface areas (1 88 
or 189 A 2 ) and numbers of van der Waals contacts (64 
or 67) are similar for the two conformations. The van 
der Waals contacts are formed to residues from the ATP 



binding pocket, especially to the invariable Val57 with 
9 or 1 0 side chain contacts and to the more variable 
Val123 with 12 contacts. Four contacts are formed to 
Phe327, the residue characteristic of the AGC kinases 
that is inserted into the ATP pocket from the C-terminal 
strand of the kinase. The two conformations differ most 
at the terminal aminoethyl group, which adopts either 
one H bond between N17 and the backbone carbonyl 
oxygen of Thr51 (2.83 A) (Table 4; Figure 5A), or a H 
bond with Asn171 (OD1) (2.89 A) and Asp184 (0D1) 
(2.93 A) (Table 4). The pyridine ring in both conformations 
forms a H bond between pyridine nitrogen atom N1 and 
backbone nitrogen of VaJ123 (2.93 A) (Figure 5A), the 
hydrogen bond donor at the hinge region between the 
N- and C lobes that binds to nearly all known ATP-srte 
inhibitors (Engh and Bossemeyer, 2001). Y-27632 also 
binds via water molecules sandwiched between N7 and 
the carboxylate of Glu127 and the backbone carbonyl 
of Leu49. 

HA-1077 

As described in the introduction, HA-1077, also known 
as fasudil, is used to treat cerebral vasospasm and 
works via Rho-kinase inhibition. However, it also inhibits 
several other kinases in the p,M range (Davies et al., 
2000). Our SPR data show a Ko value of 5.7 >iM for PKA; 
published data include a K, value of 1 .0 |iM (Ikenoya et 
al., 2002) (Table 2). HA-1077 makes three H bonds to 
PKA (Figure 5B; Table 4). Like other isoquinoline inhibi- 
tors (Engh et al., 1996), one H bond is formed between 
the isoquinoline N (N15) to the backbone N of VeJ123 
(2.8 A). The homopiperazine amine (N4) forms H bonds 
with the backbone carbonyl oxygen of Glut 70 (3.25 A) 
and the side chain of Glu127 (OE2) (2.69 A), the latter 
at the position of the ribose 3 'OH group in the ATP-PKA 
complex (Bossemeyer et al., 1993). A Giu1 27-inhibftor 
contact was observed for staurosporine (Prade et al., 
1997), but not with the other isoquinoline sulfonamide 
inhibitors (Engh et al., 1 996). A total of 81 van der Waals 
contacts are formed to the residues of the ATP pocket. 
Most contacts are to Val1 23 (1 3), Val57 (1 1 ), and Thrl 83 
(11) (Table 4). 

H-1152P 

H-1 1 52P is a derivative of HA-1 077 with enhanced speci- 
ficity for Rho-kinase (Sasaki et al., 2002). For PKA, it has 
a Ko (SPR) or K, (Ikenoya et al., 2002) value of 1.06 or 
0.63 iM, respectively (Table 2). With a K, of 1.6 nM, 
H-1152P inhibits Rho-kinase potently (Sasaki et al., 
2002; Ikenoya et al., 2002). The H-1152P molecule that 
binds to the ATP pocket makes only one H bond contact 
(from the isoquinoline N [N16] to the backbone NH of 
VaJ123 [3.0 AD (Figure 5C; Table 3). As with the other 
inhibitors described here, Val57 and Val1 23 are involved 
in many van der Waals contacts; in contrast to the other 
two inhibitors, Leu1 73 and Leu49 additionally form many 
contacts (Leu173: 12 with H-1152P versus 2 with HA- 
1077; and Leu49: 8 with H-1152P versus 2 with Y-27632 
and 4 with HA-1077). 

In its second binding site close to helix C and the 
activation segment, H-1152P makes five H bond con- 
tacts, three to the Thrl 97-phosphoryl group in the acti- 
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Figure 4. Structure of Inhibitor Binding Sites with Electron Density Maps 

Shown are the three PKA bound inhibitors with corresponding F„-F c electron density maps (inhibitor atoms omitted) contoured at 2.5c. Amino 
acid residues in the vicinity of the inhibitors are shown. H bonds between inhibitor atoms and enzyme residues are depicted as dotted lines. 
The PKA-PKI-AMP-PNP complex is drawn as fine black lines. Inhibitors (A) Y-27632, (B) HA-1077, and (C) H-1152P bind in the ATP pocket. 
(D) The second H-1152P molecule, which occupies a binding site at the enzyme surface in contact with the activation loop and helix C, is 
well ordered, Indicated by its well defined electron density. (Residues from a symmetry-related molecule are colored yellow.) 
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Table 2. Inhibitor Binding Properties 



Inhibitor 



Y-27632 



HA-1077 



H-1152P 



Ko PKA 17.5 ± 3.9 >Jyl 5.7*1.2^ 1.1 ± 0.1 |iM 

K, PKA* 25 »JM 1.0 »lM 0.63 |iM 

K.RHO- 0.14 jiM 0.33 |tM 0.0016 ^tM 

Buried surface 188(189) 196.4 215.7 

VDW contacts 64(67) 81 96 

H bonds 2(3) 3 1 

Kq values from surface plaamon resonance spectroscopy (SPR) 
analysis, Chi 1 smaller than five, two independent experiments, Inhi- 
bition constants correlate well with the buried surface and number 
of van der Waals (VDW) contacts but not with number of H bonds. 
•K, values from literature (Ikenoya et al., 2002; Sasaki et ai., 2002). 



vation loop, one to Lys189 also of the activation loop, 
and one to Thr5 of PKI(5-24) from a symmetry-related 
molecule (Figure 5D). The inhibitor is embedded in a 
network of water molecules, thus making additional con- 
tacts via water to AsnQO from helix C and Thr195 from 
the activation loop. In this activation loop binding site, 
the inhibitor electron density is well connected and veri- 
fies a unique conformation of the homopiperazine ring 
with no apparent disorder (Figure 4D). Significant van 
der Waals contacts are made to the side chain of Glu86 
from helix C, which changes its side chain conformation 
(compared to 1 CDK) to accommodate the inhibitor. Fur- 
ther binding studies are necessary to determine the rele- 
vance of the second binding site in solution. 

Binding Specificities of Y-27632, HA-1077, 
and H-1152P 

Comparison with the Mn* + - AMP-PNP complex identifies 
only small induced-fit movements of ATP pocket resi- 
dues associated with binding of the three inhibitors. The 
side chain of Asp1 84, which chelates a metal ion in the 
active complex, is oriented toward the opening of 
the active side cleft in the AMP-PNP complex and in 
the PKA-Y or PKA-1152 structure. In the PKA-1077 
structure, however, Asp184 adopts a different rotamer 
(Figure 5B), which points toward the homopiperazine 



ring, increasing van der Waals contacts and apparently 
enhancing hydrophobic effect binding. A similar reorien- 
tation of this side chain was observed in the H8-inhibitor 
complex of PKA (Enghetal., 1996), where Asp184 makes 
an H bond contact to the amide of the inhibitor side 
chain. Thrl 83 and Leu1 73 in the PKA-Y structure appar- 
ently have two conformations that were each modeled 
with an occupancy of 0.50 (data not shown). These two 
amino acid residues interact with each other by van der 
Waals contacts which limit their degree of conforma- 
tional freedom, indicating mutually dependent rotamer 
conformations and a concerted induced fit movement 
The three inhibitors bind with moderate binding 
strengths to PKA. Their differing affinities (T able 2) corre- 
late with the different numbers of van der Waals contacts 
and with the contact surface area between the inhibitors 
and enzyme residues (buried surface) (Table 2). H-1152P, 
which has the highest affinity for PKA, also has the 
highest number of van der Waals contacts and the largest 
buried surface (215.7 A 2 ). Y-27632, with the weakest 
PKA binding, has the smallest total number of van der 
Waals contacts and a buried surface area of 189.9 A 2 . 
A relationship of buried surface areas and affinities of 
PKA inhibitors has been noted previously (Engh and 
Bossemeyer, 2002). The simplest measure of hydrophilic 
binding interactions— the number of inhibitor-protein H 
bonds-does not correlate with PKA binding affinities. 
This is typical of enzyme inhibitors and reflects the exis- 
tence of competing hydrophilic interactions in inhibitor 
solvation. H-1 1 52P possesses only a single H bond from 
its isoquinoline ring to VaJ123 in the hinge region. This 
H bond to VaJ123 or its equivalent is nearly universal 
among protein kinase-inhibitor complexes and exists in 
all PKA-inhibitor complexes crystallized so far (Nara- 
yana et al., 1999; Prade et al., 1997; Engh et al., 1996). 
Indeed, a survey of ligand binding properties from pro- 
tein kinase crystal structures in the protein data bank 
identifies only two inhibitors that lack such an interac- 
tion, namely CK2/Emodin (1 F0Q) (Battistutta et al., 2000) 
and p38/BPU (1KV1). All other ligands make one, two, 
or three H bonds to the hinge polypeptide, i.e., always 
one to the hinge region backbone amide of the Val1 23 
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Figure 5. Inhibitor Binding Modes 

Binding of Y-27632 (A) and HA-1077 (B) to PKA to the ATP binding site. H-1152P binds in two positions: (C) in the ATP binding site and (D) 
in a second binding site at the surface interacting with the activation loop and helix C in a crystal contact region. 
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Distance (A) 
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Y-Z7632 chair 1 


N1 


VaM23(N) 


2.9 


main chain 




N17 


ThrS1(0) 


2.8 


side chain 


Y-27632 chair 2 


N1 


VaJ123(N) 


2.9 


main chain 




N17 


GIu171(OD1) 


2.9 


side chain 




N17 


Asp184{OD1) 


2.9 


side chain 


HA-1077 


N15 
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main chain 




N4 


Glu170(O) 


3.3 


main chain 




N4 
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2.7 


side chain 


H-1152P 


N16 


VaJ123(N) 


3.0 


main chain 



H bonds between Inhibitor and PKA atoms are listed together with the distance On A) and information about main chain or side chain interaction. 



homolog, and, in addition, further contacts to the homo- 
logs of the VaJ1 23 and/or Giu1 21 carfoonyl atom(s). This 
interaction is conserved despite the wide chemical di- 
versity of small molecule protein kinase inhibitors. Thus 
the interaction is critical for good inhibitors, or con- 
versely stated, the kinase is apparently unable to com- 
pensate for the desolvation of the Val1 23NH equivalent 
group if a potential inhibitor lacks the appropriate hydro- 
gen bond acceptor. Hydrogen bonds from other resi- 
dues that bind to the adenosine group of ATP appear 
to be of less importance for protein kinase inhibitor bind- 
ing. Two H bonds that are formed between the ribosyl 
hydroxyl groups of AMP-PNP and the Glu1 27 carboxyl 
and the Glu1 70 main chain carbonyl groups have coun- 
terparts in the PKA-1 077 structure. The presumably dou- 
bly protonated secondary amine (N4) of HA-1077 forms 
hydrogen bonds both to the carboxyl group of Glu127 
and to the backbone carbonyl of Glut 70. In the case 
of H-1152P, these contacts are not formed, because 
contacts between Thrl83 and Leu1 73 of the enzyme 
and homopiperazine methyl group (C10) of the inhibitor 
apparently shift the heptamer ring by ca. 1 .5 A in com- 
parison to HA-1077. Consequently, the distances to 
E170(O) (4.2 A) and E127 (OD1) (3.57 A) are too large for 
tight H bonds. The overlay of the two structures in Figure 
6 shows the co localization of the isoquinoline atoms 
with respect to the surrounding residues, and the diver- 
gent positions of the homopiperazine rings. Although 
H-1 1 52P makes only one hydrogen bond to the enzyme, 
the two extra methyl groups increase the number of van 
der Waals interactions (Table 3) and enlarge the buried 
surface area, which probably leads to the enhanced 
affinity of H-1 152 in comparison to HA-1077. 

The Second Binding Site of H-1152P 
The second molecule of H-1 1 52P in PKA-1 1 52P is found 
in contact with the activation segment and helix C, the 
two structural elements critical for protein kinase inacti- 
vation (Engh and Bossemeyer, 2001), which suggests a 
potential for activity modulation. Because the residues 
in contact with this second inhibitor molecule are not 
conserved between PKA and Rho- kinase, the observed 
second H-1 1 52P binding site likely appears to be unique 
for PKA. Further, this site is an important contact region 
for protein-protein interaction with the regulatory sub- 
units of PKA (Orellana et al., 1993; Gibbs et al., 1992). 
Occupation of this site with a small molecule derivative 
could provide a means to abolish negative regulation of 
PKA by the R subunrts. If this site could be explored 



more generally as a docking site for small molecules in 
drug design, other important interactions, for example 
cyclin binding to cyclin-dependent kinases, could be 
targeted as well. 

Comparison of the Rho-Kinase and PKA 
Ligand Binding Sites 

Although the three inhibitors bind and inhibit PKA, all 
of them bind Rho-kinase more tightly than PKA. Because 
of the high conservation of the protein kinase fold, espe- 
cially for closely related kinases, one can assume that 
the side chains that are nearest to the inhibitor are the 
major determinants of selectivity. The sequence align- 
ment of the kinase domains of Rho-kinase and PKA 
(Figure 2) show either conservation (blue coloring) or 
conservative exchanges (beige coloring) over large parts 
of the kinase domain. Rho-kinase has several ex- 
changes relative to PKA, but only four of them make 
side chain interactions with the inhibitors: ThM83Ala, 
Leu49lie, VaJ1 23Met, and Glu1 27Asp. These exchanges 
very likely are responsible for the effects of the extra 
methyl groups of H-1152P compared to HA-1077 on 
specificity toward Rho-kinase. The two methyl groups 
lead to a 200-fold higher affinity for Rho-kinase (Table 
2), but only a 2- to 5-fold higher affinity for PKA, or in 
other words, cause a 40- to 100-fold increase in selec- 
tivity. 

The residues nearest to the H-1152P methyl groups 
are Leu49, Leu173, Thr183, and Phe 327, thus involving 
directly two of these four PKA to Rho-kinase exchanges, 
and one residue (Phe 327) specific for most AGC ki- 
nases. The Thr183Ala substitution would provide more 
room for the C1 0 methyl group and possibly allow more 
rotamer conformations of Leu173. The interactions of 
C1 0 with Thrt 83 and Leu1 73 in PKA appear to force the 
H-1152P homopiperazine away from its position in the 
PKA-1 077 structure (Figure 6), presumably at some en- 
ergy cost The exchange of Thr183Ala in Rho-kinase 
would, however, allow the homopiperazine to retain its 
preferred binding orientation. Consequently, H-1152P 
might be able to form hydrogen bonds to both the 
Glu1 70 homolog and to the aspartyl residue occupying 
the Glu127 homologous position in Rho-kinase. Al- 
though the side chain of the aspartyl is shorter by one 
methylene group, this should not affect its ability to 
hydrogen bond a homopiperazine nitrogen in a position 
similar to that of HA-1 077 in PKA. 

The effect of the Leu49lle exchange is more difficult 
to evaluate because of the number of possible rotamer 



c 



c 



Structure 
1604 



-< 




Al»7&^ ^^^^ 




Figure 6. Comparison of HA-1 077 and H-1152P 

Overlay of HA-1 077 and H-1152P demonstrates the colocaJization of the Isoquinoline atoms with respect to the surrounding residues. Both 
Inhibitor molecules form an H bond to the backbone amide of Val123 In the hinge region. The position of the homopipeiazlne rings, however, 
diverge by ca. 1.5 A. Consequently, H bonds between the homopiperazine nitrogen and Glu127 and Glu170 are formed only in the PKA-1077 
complex. The contact between C10 and Thr183, which prevents as a steric clash a HA-1077-iike positioning of the H-1152P homopiperazine 
ring, Is shown as a red double arrow. 



conformations of the isoleucine residue. Most rotamers 
of an isoleucine modeled into the Leu49 position in- 
crease the number of interactions with the inhibitor or 
cause steric clashes with the inhibitor isoquinoline sul- 
fonamide moiety. Because of the branching of the iso- 
leucine side chain at the Cp, in contrast to a leucine 
residue, the inhibitor binding pocket is narrowed in the 
expected binding region of the isoquinoline methyl and 
sulfonamide groups, also close to the Phe327 homolog; 
this appears to favor H-1 1 52P binding. It is likely that the 
isoquinoline methyl group of H-1152P then additionally 
contributes to a productive interaction by a mutual in- 
crease in the number of van der Waals interactions with 
the isoleucine side chain. 

How or even whether the Val1 23Met exchange might 
affect binding selectivity is unclear. A relatively large 
number of van der Waals contacts (T able 3) are formed 
to all three inhibitors. A methionine residue is found at 
this position in several kinases with known structures, 
including Erie, p38, Src, and Abl. In all these cases, the 
methionine side chain is oriented away from the adeno- 
sine subsite, providing little contact beyond the Cy 
atom. By analogy, this methionine side chain therefore 
is not likely to be a major factor in H-11 52P specificity 
for R ho- kinase. In addition, a large number of van der 
Waals contacts are found with the residue Phe327, 
which is conserved in most members of the AGC group 
of protein kinases. Phe327 makes attractive additional 
interactions with the isoquinoline extra methyl group of 
H-1152P in PKA, compared to HA-1 077. 

Taken together, the higher affinities of HA-1 077 and 
H-1152P for Rho-kinase-and the especially strong 
binding of the H-1152P derivative to Rho-kinase-can 
be explained largely by three factors: the Thrt 83Ala ex- 
change and the concomitant relaxation of the steric 
clash between the inhibitor C10 methyl group and 
Thr183 and Leu173 (Figure 6). This in turn allows the 



inhibitor to bind with the optimal geometry and hydrogen 
bonding pattern as observed for HA-1 077 in PKA. Fur- 
ther, the exchange Leu49ile presumably optimizes the 
van der Waals interactions -i.e., inhibitor fit- because 
of the position of the branch in the side chain. Whether 
additional effects arise from the Val123Met exchange 
remains to be seen. Last but not least, the AGC- kinase 
typical Phe327 residue makes attractive contacts with 
all inhibitors, but especially with the C22 extra methyl 
group of H-11 52P. 

The higher affinity of Y-27632 for Rho-kinase is more 
difficult to rationalize based on sequence considera- 
tions. One determinant is probably the Leu49lle ex- 
change. The shorter branched methyl group is likely to 
provide additional van der Waals interactions with three 
different parts of the inhibitor molecule, thereby increas- 
ing the overall binding surface area and improving the 
quality of the fit. The absence of steric clashes in the 
region of Thrl 83 (and Glu1 27), however, obscures analy- 
sis of possible contributions of the corresponding ex- 
changes at these positions to the higher affinity of 
Y-27632 in Rho-kinase. Regarding the Vall23Met ex- 
change, the likelihood that it is oriented away from the 
inhibitor as discussed above leads to the conclusion 
that Rho-specrfic interactions with the Met side chain 
are possible but unlikely. A similar compound, Y-301 41 , 
which differs from Y-27632 by a pyrrolopyridine ring 
replacing the pyridine ring, has a similar inhibitory pro- 
file, but a 1 0-fold higher affinity for Rho-kinases (Ishizaki 
et al., 2000). Its selectivity, i.e., the ratios of the IC50 for 
Rho-kinase to that for other kinases, however, is about 
1 0-fold lower. In the binding pocket, the extra pyrrolidine 
group is likely to make one additional hinge region con- 
tact with its proton donor in the five ring, either to the 
carbonyl of Glu121 (PKA numbering) or, if rotated 80°, 
to the carbonyl of Val123. The higher affinity can also 
be explained by the larger surface of the planar double 
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via main chain or side chain are indicated. Residues that have side chain contacts with the ATP-site Uganda are in bold. 



ring compared to the single ring of Y-27632. These addi- 
tional interactions can be assumed to increase the bind- 
ing potency. The drop in selectivity can be explained if 
one assumes that the interactions which determine the 
selectivity for these Y-class inhibitors remain the same 
for both inhibitors and thus are less relevant in the case 
of the better binding Y-30141. 

Selectivity of the Inhibitors for Rho-Kinase 
Relative to Other Kinases 

We have argued above that many of the interactions 
with residues which differ between Rho-kinase and PKA 
explain why HA-1 077, H-1 1 52P, and Y-27632 bind more 
tightly to Rho-kinase than to PKA. The amino acid resi- 
dues in question are, however, common in the kinase 
family. From the available kinetic data, at least HA-1 077 
and Y-27632 show selectivity for only a few kinases 
(less data is available for H-1 1 52P). The question arises 
whether selectivity arises from a unique combination of 
specific amino acid residues or simply from the sum of 
a small number of individual interactions that can be 
considered independently of one another. 

Using a sequence alignment of 491 human kinases 
(see e.g., www.kinase.com; Manning et al., 2002), we 
built a database to calculate the frequency of certain 
amino acid residues and of their combinations. Table 5 
shows the degree of conservation for the residues that 
are different between PKA and Rho-kinase. Either iso- 
leudne and leucine is found at the Leu49 position in 
most kinases, with leucine more frequent than isoleu- 
dne. Also, an alanine in the Thr183 position (28.9%) is 
common (and more common than threonine with 
15.5%). Relatively high frequencies are found also for 
Rho-kinase side chains of methionine in the Vail 23 posi- 
tion (25.1%) and aspartic acid at the Glu127 position 
(32.2%). While these residues are common when con- 
sidered individually, the combination of all four is nearly 
unique. Only 6 out of 491 kinases possess the same 
combination, 3 from the subgroup of cell cycle related 
kinases (CRK7, CORK, and CHED), and 3 tyrosine ki- 
nases, MUSK, MET and RON. 

If we consider additionally the AGC characteristic resi- 
due Phe327, the combination of inhibitor binding side 
chains seen in Rho-kinase becomes truly unique. 
Phe327, located on a C-terminal strand that stretches 
across the catalytic cleft, interacts with its aromatic side 
chain with the adenosine moiety of ATP, as well as with 



all kinase inhibitors cocrystallized with PKA so far. The 
three inhibitors in this study make four (Y-27632), six 
(HA-1 077), or eight (H-1152P) van der Waate contacts 
to Phe327. Sequence alignments of PKA versus ROCK-I 
or ROCK-II indicate that Rho-kinase also has a phenylal- 
anine residue in a position homologous to Phe327 (Fig- 
ure 2). The crystal structure of AGC kinase PKB shows 
residue Phe439 in a position identical to Phe327 in PKA 
(Yang et al., 2002). More distantly related kinases, how- 
ever, do not have a corresponding C-terminal strand 
with a recognizably equivalent aromatic side chain (al- 
though other strands, domains, or subunits may contrib- 
ute a similar chain). Thus, the combination of all five 
residues, lie (Leu49), Ala (Thr183) p Asp (Glu127), Met 
(Val123), and Phe (Phe327), is an exclusive feature of 
Rho-kinase. It should be noted that these residues are 
also among the ones with the largest numbers of con- 
tacts to the inhibitors, especially to H-1152P (Table 3). 
And, while the individual residues exchanges may be 
relatively conserved, in combination they generate a 
uniquely shaped inhibitor binding pocket with unique 
electronic properties, rationalizing the selectivity of Rho- 
kinase for certain protein kinase inhibitors, such as HA- 
1077, H-1152P, and Y-27632. 



The one common feature of ail protein kinases is ATP 
binding at a highly conserved ATP binding site with 
highly conserved binding interactions. The highest de- 
gree of conservation is seen with the catalytic residues 
that are absolutely conserved across the entire protein 
kinase family. The tertiary structure that forms the ATP 
binding site is apparently highly conserved in the active 
state of the protein, but this conclusion depends upon 
extrapolation from the still relatively few active struc- 
tures that have been solved. The primary sequences are 
mostly highly conserved at the residues that form the 
triphosphoryi binding site, presumably because this rep- 
resents the catalytic site. Conserved features of the 
adenosine binding site are restricted to the backbone 
contacts of the hinge region and to a generally hy- 
drophobic or aromatic environment surrounding ade- 
nine; residues at positions homologous to Val57 and 
Ala70 in PKA are additionally conserved as small hy- 
drophobic residues. Otherwise, there is considerable 
variability in sequence and, when considering inactive 
forms, in structure among protein kinases. Physiological 
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roles for this variability are generally recognized only for 
those cases where specific events such as phosphoryla- 
tion are seen to modulate activity. Most protein kinases 
bind ATP with low micromotor binding constants, con- 
sistent with the need for exchange of ATP, ADP, and 
unbound states. Thus, sequence and structural variabil- 
ity at the ATP binding pocket has few known physiologi- 
cal rotes regarding ATP binding, but is crucial for the 
selectivity of nonphysk>k>gical, high affinity ATP-site li- 
gands, such as low molecular weight protein kinase 
inhibitors. 

CrystaUograprtic studies of enzyme-inhibitor complex 
structures provide information directly relevant to the 
drug design tasks of optimizing potency and selectivity. 
For protein kinases, these tasks are complicated by 
several factors. First, the substrate binding sites are 
relatively flexible, so that individual structures do not 
fully characterize an enzyme. Secondly, as discussed 
above, the natural substrates generally bind weakly, so 
that tight binding inhibitors are not obviously derivable 
from substrates. Third, the similarity of the ATP binding 
sites of active protein kinases means that inhibitors are 
likely to bind many of the ca. 600 kinases other than the 
target kinase. 

The development of potent and selective kinase inhib- 
itors and their success as therapeutics has demon- 
strated that problems anticipated with protein kinases 
as targets can be overcome. The process of optimization 
of such inhibitors can be improved. Of the inhibitors 
described here, only H-1 1 52P was specifically designed 
to target Rho-kinase. The crystal structures, however, 
show how they bind and identify the probable determi- 
nants of Rho-kinase selectivity. This information focuses 
strategies for chemical synthesis and should improve 
the overall efficiency in achieving desired inhibition pro- 
files. Cocrystal structures of Rho-kinase with inhibitors 
are needed to verify and possibly refine the model. Verifi- 
cation of the model would also verify the approach of 
using PKA as a surrogate for Rho-kinase crystallization, 
which might remain a preferable approach if Rho-kinase 
crystallization proves difficult, or if only inactive confor- 
mations of Rho-kinase will be crystaliizable. 

Recombinant bovine Ca catalytic subunit of cAMP-dependent pro- 
tein kinase (which differs from the human protein at two positions: 
Asn32S«r and Met63Lys) was soluble expressed In £ coH BL21 PE3) 
cafe and then purified via affinity chfotnatogfaphy and ton exchange 
chromatography as previously described (Engh et al M 1006). Three- 
fold pnosphoryteted protein was used for crystallization of Y-27632 
and H-1152P, whereas 4-fokJ phoaphorytated protein successfully 
formed cocrystaia with HA-1077. 

Crystattzatton 

Y-27632 and HA-1077 were purchased from CaiWochem. Y-27632, 
HA-1077, and H-11S2P were cocrystaJUzed with PKA and PKJ(5-24) 
at 75 mM UCI, 25 mM Mes8isTrts (pH 6.4). Hanging drop vapor 
diffusion against 15% methanol as precipitant was uaed to obtain 
ca. 100 x 100 x 500 am crystals. 

Biacore Sensor Chip Preparation 

Proteins used for Biacore analysis were diatyzed two times with the 
400-fold volume of 50 mM MOPS (pH 6.8), 10 mM MgCI* and 50 
mM KCI (Qassel at si, 2003). Coupling of PKA to a CM5 Blaaenaor 
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chip via amine group linkage was achieved using standard coupling 
procedures (Lofas and Johnsson, 1090). Briefly, CMS sensor chips 
were activated by injecting 35 of a 1:1 mixture of N-ethyt-N'- 
[dimethylamirK>)carbodiimkle/N-h at 5 jiVmtn. 

After diluting the proteins in 10 mM sodium acetate (pH 5.5), PKA 
(with HSA as a control) was coupled to the CMS sensor chip by 
injecting a 50 |iM solution of the protein selected with a flow rote 
of 5 |d/min until 11,000 RU was reached. 

Generation of Kinetic Binding Data 

Kinetic studies with a range of anaJyte concentrations were deter- 
mined at a flow rate of 10 pl/min by allowing 300 a for association 
and 900 s for dissociation. AnaJytes were diluted in MilHQ water or 
running buffer (50 mM MOPS [pH 7.4], 50 mM KCI, and 10 mM 
MgCy. Kinetic data were analyzed with BIAevaluation 3.0 software. 
For each binding curve, the response obtained using the HSA cell 
as control was subtracted. Due to the small signals (up to 40 RU), 
the steady-state affinity model was used to determine the K, of 
the different small molecular weight compounds. Goodness of fit 
(measured as x 2 ) waa less than 5 for binding of the low molecular 
weight compounds. All binding experiments were repeated two 
times, and biosensor chips coupled at different times yielded sur- 
faces with identical binding affinities. The binding affinities of 
H-1 1 52P. HA-1 077, and Y-27632 to PKA were similar to the K, values 
reported In different studies (Sasaki et a)., 2002; Uehata et at, 1997) 
and citations therein, using enzymatic assays. 

Data Collection and Structure Determination 
Diffraction data were measured at 4°C in a sealed capillary on an 
image plate detector (Mar research) or Bruker X1000 area detector 
using a copper target Rigaku Rotaflex X-ray generator and graphite 
crystal Kc monochromator. In each case one crystal was sufficient 
to obtain a complete data set The data were processed with the 
programs MOSFLM and SCALA or ASTRO and SAINT. AD crystals 
have an orthorhomblc symmetry (P2,2,2 t ) with similar ceO constants 
(Table 1 ). The structures were determined by molecular replacement 
using the CCP4 program package (www.ccri4.ac.uk/main/htnil). As 
a starting model we chose a PKA structure in a dosed conformation 
(our unpublished data). Refmac 5.1.24 waa uaed for refinement, 
while MOLOC was used (www.moioc.ch) for graphical evaluation 
and model building. 

Surface Calculations 

Buried surfaces were calculated with the program insight U (Accet- 
rys). The total surface of the Isolated Inhibitor and the accessible 
surface of the inhibitor in the complex were calculated. The differ- 
ence ia the buried surface. 

Sequence Alignment and Homology Model Building 
Sequences were aligned using the CiustalW server from httpc// 
www.ebUc.uk/ciustaiw/. The homology model was calculated by 
the SWISS-MODEL Protein Modelling Server (rtttpV/www.expasy. 
ch/swissnx>cysVVISS-MOOa-ritml). 
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GLIVEC (STI571, IMATINIB), 
A RATIONALLY DEVELOPED, 
TARGETED ANTICANCER DRUG 



Renaud Capdeville, Elisabeth Buchdunger, Juerg Zimmermann and Alex Matter 

In the early 1 980s, it became apparent that the work of pioneers such as Robert Weinberg, 
Mariano Barbacid and many others in identifying cancer-causing genes in humans was opening 
the door to a new era in anticancer research. Motivated by this, and by dissatisfaction with the 
limited efficacy and tolerability of available anticancer modalities, a drug discovery programme 
was initiated with the aim of rationally developing targeted anticancer therapies. Here, we 
describe how this programme led to the discovery and continuing development of Glivec 
(Gleevec in the United States), the first selective tyrosine-kinase inhibitor to be approved for 
the treatment of a cancer. 



LEUKAEMIA 

Leukaemia is an uncontrolled 
proliferation of one type of 
white blood cell (leukocyte). 
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Until the early 1980s, drug discovery programmes for 
cancer were focused almost exclusively on DNA synthesis 
and cell division, and resulted in agents such as 
antimetabolites, alkylating agents and microtubule 
destabilizers. These drugs showed efficacy, but at the 
price of high toxicity due to lack of selectivity. Also, 
resistance was frequently observed after initial stabiliza- 
tion or regression of the disease. The discovery of 
cancer-causing genes, later called oncogenes, repre- 
sented a radical departure — all of a sudden, genes were 
identified that were uniquely associated with cancerous 
cells. The molecular epidemiology of these genes was 
established over many years of studying clinical tumour 
samples, but as described below, it was clear at the out- 
set that chronic myelogenous leukaemia (CML) — a 
haematological stem-cell disorder that is characterized by 
excessive proliferation of cells of the myeloid lineage — 
represented a particularly interesting case. 

Target selection: BCR-ABL 

CML is characterized by a reciprocal translocation 
between chromosomes 9 and 22 (ref. i). The shortened 
version of chromosome 22, which is known as the 
Philadelphia chromosome, was discovered by Nowell 
and Hungerford 2 , and provided the first evidence of a 
specific genetic change associated with human cancer. 



The molecular consequence of this inter-chromosomal 
exchange is the creation of the BCR-A BL gene, which 
encodes a protein with elevated tyrosine-kinase activity. 
The demonstration that Ber-Abl as the sole oncogenic 
event could induce leukaemias in mice 3-5 has estab- 
lished BCR-ABL as the molecular pathogenic event in 
CML. As the tyrosine-kinase activity of BCR-ABL is 
crucial for its transforming activity 6 , the enzymatic 
activity of this deregulated gene could plausibly be 
defined as an attractive drug target for addressing 
BCR-ABL-positive leukaemias. 

For the first time, a drug target was identified that 
clearly differed in its activity between normal and 
leukaemic cells. It was conceivable that this enzyme 
could be approached with classical tools of pharma- 
cology, as its activity — the transfer of phosphate from 
ATP to tyrosine residues of protein substrates — could 
clearly be described and measured in biochemical as 
well as cellular assays. Furthermore, cell lines that were 
derived from human leukaemic cells with the same 
chromosomal abnormality were available. Such cell 
lines were instrumental for in vitro and animal studies, 
which laid the groundwork for the clinical trials. So, the 
essential tools were assembled to go forward with the 
aim of identifying potent and selective inhibitors of the 
ABL tyrosine kinase. 
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The starting point for every medicinal-chemistry pro- 
ject is a lead compound with a given pharmacological 
activity. However, the biological activity of a molecule 
must be complemented by other properties that make 
the molecule a good drug — it is estimated that a large 
proportion of molecules fails in late stages of drug 
development due to drug-drug interactions or poor 
ADM£ (absorption, distribution, metabolism and 
excretion) features. Not detecting these liabilities early in 
the drug discovery process can be extremely costly and 
time consuming. On the basis of physical and calculated 
properties for known drugs, criteria for 'drug-likeness' 
have been established 7 . 

In the case of Glivec, a lead compound was identi- 
fied in a screen for inhibitors of protein kinase C 
(PKC). This compound — a phenylammopyrimidine 
derivative — had promising lead-like' properties* and 
a high potential for diversity, allowing simple chem- 
istry to be applied to produce compounds with more 
potent activity or selectivity. Strong PKC inhibition in 
cells was obtained with derivatives bearing a 3'-pyridyl 
group at the 3'-position of the pyrimidine (FIG. la). 
During the optimization of this structural class, it was 
observed that the presence of an amide group on the 
phenyl ring provided inhibitory activity against tyro- 
sine kinases, such as the BCR-ABL kinase (fig. ib). At 
this point, a key observation from analysis of struc- 
ture-activity relationships was that a substitution at 
position 6 of the diaminophenyl ring abolished PKC 
inhibitory activity completely. Indeed, although the 
introduction of a simple 'flag-methyl' led to loss of 
activity against PKC, the activity against protein tyro- 
sine kinases was retained or even enhanced (fig. lc). 
However, the first series of selective inhibitors that was 
prepared originally showed poor oral bioavailability 



and low solubility in water. The attachment of a 
highly polar side chain (an N-methylpiperazine) was 
found to improve markedly both solubility and oral 
bioavailability. To avoid the mutagenic potential of 
aniline moieties, a spacer was introduced between the 
phenyl ring and the nitrogen atom. The best com- 
pound from this series was a methylpiperazine deriva- 
tive that was originally named STI571 (imarinib, now 
known as Glivec or Gleevec), which was selected as the 
most promising candidate for clinical development 9 - 10 

(FIG. Id). 

Docking studies 11 and X-ray crystallography 12 
showed that binding of Glivec occurs at the ATP-binding 
site. Analysis of the crystal structure' 2 showed that 
Glivec inhibits the ABL kinase by binding with high 
specificity to an inactive form of the kinase. The need 
for the kinase to adopt this unusual conformation, 
which favours binding, might contribute to the high 
selectivity of the compound. Unexpectedly, these analy- 
ses indicated that the N-methylpiperazine group (added 
to increase drug solubility) also interacted strongly with 
ABL by means of hydrogen bonds to the backbone 
carbonyl grouj) of isoleucine (Ile)360 and histidine 
(His)361. 

In an in vitro screen against a panel of protein 
kinases, the compound was found to inhibit the 
autophosphoryiation of essentially three kinases: 
BCR-ABL, c-KTT and the platelet-derived growth fector 
(PDGF) receptor (table i). More recently, activity 
against ARG kinase has also been reported 13 . 



In collaboration with Brian Druker, the selective 
inhibitory activity of Glivec was shown at the cellular 
level on the constitutively active p210 BCR - ABl tyrosine 
kinase 14 . Subsequently, a similar inhibitory activity 
was also shown on other ABL fusion proteins, such as 
pl85 BCK-ABL (R£ p S , 5 16) and TEL (ETV^J-ABL 15 . The 
inhibition of autophosphoryiation of BCR-ABL was 
closely related to the antiproliferative activity of 
Glivec. Incubation with submicromolar concentra- 
tions of Glivec selectively induced apoptosis in 
BCR-ABL-positive cell lines, and induced cell killing 
in primary leukaemia cells from patients with 
Philadelphia-chromosome-positive (Ph + ) CMLand 
acute lymphoblastic leukaemia 14 - 16 - 20 . 

In in vivo experiments, once daily intraperitoneal 
treatment with 2.5-50 mg kg" 1 of Glivec, started one 
week after injecting BCR-ABL- transformed 32D cells 
into syngeneic mice, caused dose-dependent inhibition 
of tumour growth 14 . In nude mice implanted with 
KU812 cells, oral treatment with 160 mg kg" 1 daily in 
three divided doses for 11 consecutive days was associ- 
ated with continuous blockage of p210** p * BL tyrosine 
phosphorylation, and resulted in tumour-free survival 
of the animals 20 . The an ti tumour effect of Glivec was 
specific for BCR-ABL-expressing cells, as no growth 
inhibition occurred in mice that were given injections 
of U937, a BCfl-ABI-negative myeloid cell line. 
Recently, Glivec was shown to be orally active in a 
mouse model of CML, based on retroviral p2 io* 3 -* 81 - 
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transduction of transplanted bone marrow. Survival of 
animals was significantly prolonged, together with a 
marked improvement in peripheral-white-blood-cell 
counts and splenomegaly 21 . 



Table 1 1 Cellular profile of Glivec 




Assay 


IC M (uM) 


Inhibition of autophosphorylation 




v-ABL 


0.1-0.3 


p2i0B c*abl 


0.25 


p185 BCR-ABL 


0.25 


TEL-ABL 


0.35 


TEL-ARG 


0.5 


PDGF receptor 


0.1 


TEL-PDGF receptor 


0.15 


c-KIT 


0.1 


FLT3 


>10 


c-FMS and v-frns 


>10 


EGF receptor 


>100 


C-ERBB2 


>100 


Insulin receptor 


>100 


IGF-1 receptor 


>100 


v-SRC 


>10 


JAK2 


>100 


inhibition of MAPK activation 




PDGF dependent 


0.1-1 


SCF dependent 


0.1-1 


Inhibition ofAKT activation 




SCF dependent 


0.1-1 


Inhibition of IP release 




PDGF induced 


0.25 


Inhibition ofc-FOS mRNA expression 




PDGF induced 


0.3-1 


EGRFGF or PMA induced 


>100 


Antiproliferative activity* 




320, MO-7e,BaF3 cells 


>10 


eCff-ABL-transfected 32D, MO-7e, BaF3 cells 


<1 


8C/?->4BL-positive human leukaemia lines 1 


0.1-1 


BaF3 TEL-ARG 


0.5 


BALB/c 3T3 v-SIS (PDGF autocrine) 


0.3 


BaF3 TEL-PDGF receptor 


<1 


U-87 human glioma* 


-1.5 


U-343 human glioma* 


-1.5 


MO-7e, SCF stimulated 


-0.1 


H526 human SCLC, SCF stimulated 8 


0.8 


Human GIST882 line 1 


<1 


Human mast-ceil leukaemia line HMC-1' 


0.01-0.1 



Fundamental phenotypic features in BCR-ABL- 
positive cells involve resistance to apoptosis, enhanced 
proliferation and altered adhesion properties. The 
impact of Glivec on some known downstream signalling 
molecules of BCR-ABL has been examined. A link 
between constitutive activation of STAT5 (signal trans- 
ducer and activator of transcription 5) and enhanced 
viability of BCfl-ABI-transformed cells has been 
shown 22 - 23 . Glivec had a profound inhibitory effect on 
STAT5 activation in vitro and in vivo 21 ' 23 . Furthermore, 
inhibition of the BCR-ABL kinase activity by Glivec in 
i?CK-AJ3L-expressing cell lines and fresh leukaemic 
cells from CML patients induced apoptosis by supp- 
ressing the capacity of STAT5 to activate the expression 
of the anti-apoptotic protein BCL-X t 23 . The adaptor 
molecule CRKL is a prominent target of BCR-ABL, 
and its tyrosine phosphorylation has been a useful 
marker of BCR-ABL kinase activity 24 . As expected, a 
decrease in tyrosine phosphorylation of CRKL has 
been observed in Glivec-treated cell lines, and has also 
served as an indicator of BCR-ABL kinase activity in 
patients (see below). 

There is increasing evidence that cell-cycle regula- 
tion is disturbed in BCR-ABL-positive cells; however, 
the underlying molecular mechanisms are poorly 
understood. Recently, BCR-ABL has been shown to 
promote cell-cycle progression and activate cyclin- 
dependent kinases by interfering with the regulation of 
the cell-cycle inhibitory protein p27 (REE 25). Glivec pre- 
vented downregulation of p27 levels in BCR-ABL- 
expressing cells 25,26 . 

The effects of Glivec on cytoskeletal changes and 
adhesion have been investigated using BCR-ABL- 
transfected fibroblasts 27 . Glivec was shown to restore 
normal architecture and to increase adhesion in this 
model of BCR-ABL expression. 



Glivec concentrations that cause 50% inhibition (IC^) are g j wen ,3 -* M7iW ' M - 5<6, ' 6W6 . EGR q^q^ 
growth factor; FGF, fibroblast growth factor FLT3, frns-related tyrosine kinase 3; IGF-1 . insufin-like 
growth factor-1; IP. inositol phosphate; MAPK, mitogen-activated protein kinase; PDGF. platelet- 
derived growth factor; PMA, phorbol 1 2-myristate 1 3 -acetate; SCF, stem-cell factor SCLC, small-cell 
lung cancer. 'Antiproliferative experiments were carried out in 10% fetal calf serum, except for those 
that were earned out in *5% human -platelet poor plasma or under 'serum-free conditions. K562, 
KU81 2. MC-3, MBA-1 . KBM-5, Z-33, Z-1 19. 2-181. 'Expresses the activating KIT mutation K642E 
(lysine 642 to glutamic acid). 'Expresses the activating KIT mutation V560G (vafine 560 to glycine). 



Because of the three known targets of Glivec, many 
potential cancers can be speculated to be good candi- 
dates for clinical testing of this new drug. However, in 
most cancers, tumorigenesis is complex and involves the 
disruption of multiple genes and signalling pathways. 
By contrast, CML can be considered as one of the few 
examples of a malignancy in which a single signalling- 
pathway defect is thought to cause the disease. In addi- 
tion, in contrast to most of the solid tumours, for which 
the measurement of tumour response is complex, phar- 
macodynamic response in CML can be measured easily 
using blood leukocyte count as the end point. For these 
reasons, CML was selected as the first indication for 
Phase I clinical testing. 

Clinically, CML is a chronic disease that evolves 
through three successive stages, from the chronic phase 
to the end stage of blast crisis that resembles acute 
leukaemia (FIG. 2). Overall, the median survival time of 
patients with newly diagnosed CML is approximately 
5-6 years with an interferon -based treatment regimen. 
The first trial with Glivec was a Phase 1 study in patients 
with chronic-phase, and subsequently also with blast- 
phase, CML In this trial, patients were treated with doses 
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Figure 2 1 Clinical course of chronic myelogenous leukaemia. 



ranging from 25 to 1,000 mg per day, and no maximal 
tolerated dose was identified, despite a trend for a higher 
frequency of grade ui-rv adverse events at doses of 750 mg 
or higher. On the other hand, a clear dose-response 
relationship with respect to efficacy was described in 
patients with chronic-phase CML. At doses of 300 mg or 
higher, 98% of the patients achieved a complete 
haematological response, and trough serum levels were 
above the concentrations required for in vitro activity 2 *- 29 . 
Subsequently, a mathematical modelling of the relation- 
ship between dose and response, as measured by leuko- 
cyte counts after four weeks of therapy, confirmed that 
doses of 400 mg and higher were optimal in inducing a 
haematological response 30 (FIG. 3). In addition, effective 
inhibition of the BCR-ABL kinase was documented in 
patient samples by inhibition of the phosphorylation sta- 
tus of the downstream target CRKL 27 . From this study, 
doses ranging from 400 mg (for chronic-phase patients) 
to 600 mg (for advanced- phase CML) were recom- 
mended for subsequent studies. 



Subsequently, three large multinational studies have 
been carried out in 532 patients with late chronic-phase 
CML in whom previous interferon therapy had failed 31 , 
in 235 patients with accelerated-phase CML 32 , and in 
260 patients with myeloid blast crisis 33 . Treatment was 
given at a dose of 400 mg in the chronic-phase trial and 
600 mg in the two other studies. The results of these 
three studies indicated that the rate of both haemato- 
logical and cytogenetic response increased as the treat- 
ment was started earlier in the course of the disease 
(fig. 4). Importantly, the achievement of a haematolog- 
ical and/or cytogenetic response was associated with 
improved survival and progression-free survival 31 " 33 . 
In the chronic-phase study, in which patients started 
treatment within a median of 32 months after their 
initial diagnosis, the estimated probability of being 
free of progression at 18 months was 89.2% 31 . The 
most frequently reported adverse events were mild 
nausea, vomiting, oedema and muscle cramps. 
However, rare but serious adverse events, such as liver 



GRADE 111-IV ADVERSE EVENTS 
For each adverse event that is 
associated with a specific 
treatment, grades are assigned 
and defined using a scale from 
0 to V. Grade HI, severe and 
undesirable adverse event; 
grade IV, Life-threatening or 
disabling adverse event. 
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Figure 3 1 Dose-response relationship of Gltvec in CML (Phase I study). Using the leukocyte (white blood ceO; WBC) count 
after 28 days of treatment as a pharmacodynamic marker, the relationship between dose and response was modelled using an 
model , which makes the assumption that once the maximal effect is achieved (E^J. increasing the dose further does not translate 
into additional benefit. The data indicate that at doses of 400 mg per day or higher, all the patients are predicted to achieve a 
reduction of their leukocyte counts within normal range below 10 x to 9 r\ Adapted with permission from REF. 30 © (2001) American 
Society of Clinical Oncology. CML, chronic myelogenous leukaemia. 
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toxicity or fluid -retention syndromes, were also 
reported. Neuropaenias and thrombopaenias were 
more common in patients with advanced disease, 
which indicates that haematological toxicity might be 
related more to an underlying compromised bone- 
marrow reserve than to toxicity of the drug itself 
through inhibition of c-KIT- driven haematopoiesis. 
Taken together, these findings have established Glivec 
as a safe and effective therapy in all stages of CML, and 
were the basis for marketing approval by the FDA on 
10 May 200 1 — less than three years after the start of 
the first Phase I study (FIG. 5). 

Resistance. In CML blast crisis, even though the rate of 
haematological responses with Glivec is high, these 
responses are usually short lived, and most patients will 
ultimately develop resistance and undergo disease pro- 
gression. A prerequisite to optimally develop strategies 
to prevent or overcome this resistance is to get a good 
understanding of the potential mechanisms of resis- 
tance in these patients. 

On the basis of preclinical and clinical data that are 
available at present, several potential mechanisms of 
resistance have been described, which are summarized 
in BOX l . They can be categorized into two main groups: 
mechanisms whereby BCR-ABL is reactivated and cell 
proliferation remains dependent on BCR-ABL sig- 
nalling, and mechanisms whereby the BCR-ABL protein 
remains inhibited by Glivec, but alternative signalling 
pathways become activated. 

BCR-ABL overexpression and BCR-ABL gene ampli- 
fication has been shown in p210 BCR " ABL -transformed 
mouse haematopoietic Ba/F3 cells that are resistant to 
Glivec 305 , as well as in human BCR-ABL-positive 
leukaemia lines LAMA84 and AR230 (REFS 3536). 

In treated patients, there is now increasing evidence 
that amplification of the BCR-ABL gene and mutations 
in the BCR-ABL kinase domain are two common 
mechanisms of resistance to Glivec. The occurrence of 
these mechanisms was first reported by Sawyers' 
group 37 . In a study of 1 1 patients with blast crisis and 
overt clinical resistance when treated with Glivec, 3 had 
amplification of the BCR-ABL gene and 6 had a point 
mutation in the ABL kinase domain, which resulted in 
a T315I (threonine 315 to isoleucine) amino-acid sub- 
stitution. Following this initial report, the T315I muta- 
tion as well as further mutations in the ABL kinase 
domain have been reported by various invest- 
igators 38 " 11 . Even though these mutations vary in their 
type and frequency, it is speculated that they might all 
lead to a reactivation of BCR-ABL-driven signal trans- 
duction. To understand the molecular mechanism by 
which such mutations might cause resistance to Glivec, 
current studies are using X-ray crystallography to 
analyse the three-dimensional structure of a complex 
between the drug and the human c-ABL kinase 
domain. Glivec binds to an unusual, inactive confor- 
mation of ABL with the amino terminus of the activa- 
tion loop, which contains the highly conserved DFG 
(asparagine-phenylalanine-glycine) motif, folded into 
the ATP-binding site 42 . This conformation has been 
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[HI Late chronic phase, IFN failure (n ■ 524) 

Q Accelerated phase (n = 1 81 ) Q Blast crisis (r? * 229) 

Figure A | Haematological and cytogenetic response in 
CML: Phase II data. In all studies, results are expressed as 
the percentage of responding patients among the patients 
for whom the diagnosis of the correct phase of chronic 
myelogenous leukaemia (CML) was confirmed after a centra) 
review of the data. A major cytogenetic response combines 
both complete (0% Ptr metaphases) and partial (1-35% Ph 4 ) 
responses. Haematological response was defined as 
complete haematological response (CHR) in the chronic- 
phase study, and as either a CHR, a marrow response or 
a return to chronic phase (RTC) in the advanced -phase 
studies, all to be confirmed after at least four weeks. In the 
chronic-phase study, CHR was defined as white blood cells 
<1 0 x 1 0 9 r 1 , platelets <450 x 1 0 9 h 1 , myelocytes and 
metamyelocytes <5% in blood, no blasts and promyelocytes 
in blood, basophils <20% and no extramedullar/ 
involvement. In advanced-phase studies, CHR was defined 
as neutrophils = 1 .5 x 10° V, platelets = 100 x 10 s |-\ no 
blood blasts, marrow blasts <5% and no extramedullar 
disease. A marrow response was defined by the same 
criteria as for CHR, but with neutrophils = 1 x 10 3 r 1 and 
platelets = 20 x 10* |-\ An RTC was defined as <15% blasts 
in marrow and blood, <30% blasts and promyelocytes in 
marrow and Wood, <20% basophils in blood and no 
extramedullar^ disease. IFN, interferon; Ph + , Philadelphia 
chromosome positive. 



observed by Kuriyan and co-workers 12 in a complex 
between mouse c-Abl and a Glivec analogue, and can- 
not bind ATP. The knowledge of the crystal structure 
allows a better understanding of the decreased sensi- 
tivity of mutated BCR-ABL to Glivec, and can be a 
powerful tool in the design of new BCR-ABL 
inhibitors that maintain inhibitory activity against 
these mutated kinases. 

Resistance to Glivec might also be related to phar- 
macokinetic factors. Glivec is a substrate of the multi- 
drug-resistance-associated P-glycoprotein (PgP). 
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Qlivec development timeline 



May 2001 - 
Approved by the 
FDA for CML 



.1 990 - Lead compound 
identified in a screen for 
Inhibitors of PKC. 



,1996 -In vivo activity shown 
in SCfl-A8L-transformed 
ceJJs.in syngeneic mice.. 



June 1998- r 
Rrst patient with 
CML treated. . 



June 2000 -> 
'Phase III trials 
initiated. 



November 2001 - 
Approved in 
Europe and Japan 
fbrCML 



orrr • 















1992 -First batch 
of Glivec synthesized: . 

* , • *? 




June 1999- 
Phase ll trials > 
initiated. 


February 2001 ^ 
NDA submitted": 
to FDA for CML 


February 2002 - - 
Approved by the 
FDA for GIST. 



Typical development timeline 




Figure 5 1 Key points in the discovery and development of Glivec The clinical development was particularly rapid, as can be 
seen by comparison with the typical drug discovery and development times shown in the inset. An NDA fa Glivec was submitted 
just two years and nine months after treatment of the first patient with CML, and FDA approval was given less than three months 
after application. CML, chronic myelogenous leukaemia; GIST, gastrointestinal stromal tumour; NDA, new drug application; 
PKC, protein kinase C. 



Accordingly, the uptake of Glivec was reduced in 
Glivec-resistant LAMA84 cells in association with an 
overexpression of the PgP protein. Sensitivity to Glivec 
was recovered when cells were treated with the PgP 
inhibitor verapamil 35 . At clinically relevant concentra- 
tions of Glivec, binding to plasma proteins is approxi- 
mately 95%, mosdy to albumin and a 1 -acid glycoprotein 
(AGP). It has been suggested that a potential mecha- 
nism of resistance might relate to this high binding to 
increased levels of AGP, which would lead to insuffi- 
cient availability of free drug for antileukaemic 
activity 43 . However, the clinical significance of this 
hypothesis is uncertain, in particular in view of the 
finding that AGP purified from CML patients failed to 
block the effect of Glivec on the proliferation of 
leukaemic cells 44 . 

Recently, Hofmann et al 4S studied a small group of 
patients with Ph + acute lymphoblastic leukaemia who 
were resistant to Glivec by using DNA-microarray 
expression profiling. They described an association 
between the occurrence of resistance to Glivec and 
upregulation of genes encoding proteins such as 
Bruton tyrosine kinase and two ATP synthetases 
(ATP5A 1 and ATP5C 1 ), and downregulation of other 
genes, such as the pro-apoptotic gene BAK1 and the 
cell-cycle-control gene lNK4B 4 *{also known as pi 5). 
This is the first report to identify dysregulation of genes 



that are unrelated to BCR-ABL signalling, and further 
studies will be necessary to fully assess the significance 
of these findings and their relevance to CML patients. 

Current and future development In CML 

The activity of Glivec in patients with newly diag- 
nosed CML is being further investigated by a large 
randomized Phase III study to compare first-line ther- 
apy with Glivec against standard interferon in combi- 
nation with low-dose cytarabine. This study, known as 
the IRIS* study (International Randomized study of 
Interferon versus STI571 ), has enrolled 1, 106 patients. 
The results of an interim analysis with a median fol- 
low-up of 14 months indicate a better tolerability and 
a superior efficacy of first-line Glivec compared with 
interferon and low-dose cytarabine in terms of cyto- 
genetic response, haematological response and, more 
importantly, time to progression to accelerated phase 
or blast crisis 46 . 

Preclinical studies have shown that the combination 
of Glivec with various anticancer agents might have syn- 
ergistic effects. Consequently, several Phase l/II studies 
are evaluating the feasibility of combining Glivec with 
interferon, polyethylene glycol (PEG)ylated interferon, 
cytarabine and other single-agent or combination 
chemotherapy regimens, in patients with either chronic- 
phase or advanced CML 
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Box 1 1 Mechanisms of resistance to Glivec in CML 

BCR-AB Independent mechanisms (cells remain dependent on BCR-ABL signalling) 

• Amplification of BCR-ABL gene 

• Mutations in BCR-ABL kinase domain prevent correct binding of Glivec 

• Efflux of Glivec (for example, by PgP-associated MDR protein) 

• Protein binding of Glivec (for example, to circulating AGP) 

BCR-ABL- independent mechanisms (BCR-ABL is inactivated) 

• Activation of signalling pathways downstream of BCR-ABL 

• Activation of leukaemogenic pathways unrelated to BCR-ABL 

AGP, a 1 -acid glycoprotein; CML, chronic myelogenous leukaemia; MDR, multidrug 
resistant; PgP, P-glycoprotein. 

c-KIT is another target 

In addition to various oncogenic forms of the 
BCR-ABL tyrosine kinase, Glivec also inhibits the 
receptor for stem-cell factor (SCF) — c-KIT, a member 
of the type III group of receptor kinases. Preclinical 
studies have established that the drug blocks c-KIT 
autophosphorylation, as well as SCF-stimulated down- 
stream signalling events, such as activation of the mito- 
gen-activated protein kinases (MAPKs) ERK1 and 
ERK2, and AKT (also known as protein kinase B) 47 ' 48 . 



Development in c-KTT-positive GISTs. Gastrointestinal 
stromal tumours (GISTs) represent a rare subset of soft- 
tissue sarcomas that involve the gastrointestinal tract and 
are thought to be derived from the interstitial cells of 
CajaL Scientific rationale for the use of Glivec in the 
treatment of these tumours comes from the landmark 
work of Hirota et a/. 49 , who first identified somatic gain- 
of-function mutations in the c-KIT gene in patients with 
GIST. Oncogenic c-JCTTmutations in GISTs have been 
localized to the extracellular domain, kinase domains 1 
and 2 and predominantly in the juxtamembrane domain 
of the c-KIT protein 50-52 . As c-KIT serves as a phenotypic 
marker of GISTs and has a key role in their pathogenesis, 
it provides an ideal target for molecular-based therapy. 
The first evidence that Glivec might inhibit GIST cells 
that express mutated c-KTTwas obtained from studies in 
a mast-cell leukaemia line expressing a mutated c-KIT 
similar to that found in GISTs 48 * 53 . Furthermore, Glivec 
rapidly and completely abolished constitutive phospho- 
rylation of c-KIT in the human cell line GIST882, which 
expresses an activating c-KIT mutation in the first part of 
the cytoplasmic spUt-tyrosine-kinase domain, and inhib- 
ited proliferation in this GIST line 54 . Similarly, a primary 
GIST cell culture that expressed a c-KIT exon 1 1 juxta- 
membrane mutation was also inhibited by Glivec 54 . 

As reported recently, a pronounced tumour response 
was first observed in a single patient with progressing 
GIST 55 . Following this case report, the high level of effi- 
cacy of Glivec in GIST has been shown in two subsequent 
Phase I (REF. 56) and Phase II studies (REF.57). Two large 
Phase III studies are being carried out at present to com- 
pare the effectiveness of two doses of Glivec (400 mg or 
800 mg daily). On the basis of the Phase II data, the FDA 
approved the use of Glivec for GISTs on 1 February 2002. 



AUTOCRINE 

Describes an agent secreted from 
a cell that acts on the cell 
in which it b produced. 

PARACRINE 

Describes an agent secreted from 
a celt that acts on other cells in 
the local environment 



Other c-KIT-expressing tumours. In human systemic 
mastocytosis, most cases show a point mutation in codon 
17 of c-AXT, which results in a D816V (aspartic acid 816 
to valine) amino-acid substitution in the kinase-2 
domain of c-KIT. Interestingly, this mutated c-KIT is 
resistant to inhibition by Glivec 53 - 58 . 

Expression of c-KIT and SCF has been reported in 
a retrospective small-cell lung cancer (SCLC) series, 
indicating that SCLC growth might involve an 
autocrine loop. Inhibition of c-KIT activation by 
transfection of a dominant -negative c-KIT gene 
results in loss of growth-factor independence 59,60 . 
Furthermore, the c-KIT/PDGF-receptor inhibitor 
AG 1296 inhibits growth of SCLC cells in serum-con- 
taining medium 60 . In H526 SCLC ceils, pretreatment 
with Glivec inhibited SCF-mediated c-KIT activation 
with an IC^ (half-maximal inhibitory concentration) 
of 0.1 uM (REF. 61). The compound also blocked 
downstream signal transduction, as evidenced by 
inhibition of SCF-mediated activation of MAPK and 
AKT, and potently inhibited SCF-mediated growth in 
serum-free medium, with a marked increase in apop- 
tosis. Glivec also inhibited the growth of SCLC cell 
lines in a dose-dependent fashion when grown in 
serum-containing medium; however, the average IC M 
was in the range of 5 uM (refs 61 ,62). 

Although c-KIT expression has been documen- 
ted in various other human tumours, including 
acute myelogenous leukaemia, ovarian and testicular 
cancer, it will be important to determine the activa- 
tion status of the receptor and its importance in the 
pathogenesis (for a review, see ref. 58). Furthermore, 
it needs to be explored whether pharmacological inhi- 
bition of paracrine or autocrine activation of this 
kinase will be successful therapeutically. Exploratory 
clinical studies are continuing at present in patients 
with c-KIT- expressing SCLC and acute myeloge- 
nous leukaemia. 

PDGF receptor as a target 

The third target of Glivec is the PDGF-receptor tyro- 
sine kinase. Cellular studies have shown potent inhibi- 
tion of the two structurally similar PDGF- a and 
PDGF-p receptors (PDGFR-ct and PDGFR-p), as well 
as blockade of PDGF-mediated cellular events 47 - 63 . 
PDGF is a connective-tissue-cell mitogen with in vivo 
functions that include embryonal development, 
wound healing and control of interstitial-fluid pressure 
in soft connective tissue. There is increasing evidence 
that the PDGF ligand-receptor system also has an 
important role in tumorigenesis 64 . Paracrine and/or 
autocrine activation of the PDGFR kinase has been 
postulated in numerous malignancies, and the pres- 
ence of PDGF autocrine loops is most well docu- 
mented in gliomas 65 . Glivec inhibited the in vitro and 
in vivo growth of cells with autocrine PDGF signalling, 
including the formation of tumours by the human 
glioblastoma lines U343 and U87, which had been 
injected into the brains of nude mice 66 . The inhibitory 
effects were mediated predominantly through promo- 
tion of growth arrest rather than apoptosis. 
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Autocrine PDGFR activation is also well docu- 
mented in tumour cells of dermatofibrosarcoma pro- 
tuberans (DFSP), a highly recurrent, infiltrative skin 
tumour that is characterized by a chromosomal 
rearrangement involving chromosomes 17 and 22. The 
resulting fusion-gene product collagen I, a I polypep- 
tide (COIJ Al )-PDGF-(5 triggers the autocrine stimu- 
lation of the PDGFR 67 . COLM7-PDGF0-transformed 
fibroblasts, as well as primary DFSP and giant-cell 
fibrosarcoma cell cultures, were inhibited by Glivec 
in vitro and in vivo 67-69 . The main mechanism by which 
Glivec affected DFSP tumour growth was through 
induction of apoptosis 69 . Preliminary data indicate that 
Glivec might also be active in patients with DFSP 70 . 

Relatively little is known about the ligand-indepen- 
dent activation of PDGFR. However, rearrangement of 
PDGFRfihas been described in chronic myeloprolifer- 
ative diseases. The best known of these is the t(5; 1 2) 
chromosomal translocation in chronic myelomono- 
cytic leukaemia (CM ML), in which PDGFRfr which is 
located on chromosome 5, is fused to the TEL gene on 
chromosome 12. Transformation of haematopoietic 
cells occurs through oligomerization of the TEL- 
PDGFR-0 fusion protein, which causes ligand-indepen- 
dent constitutive activation of the PDGFR kinase 71 . 
Glivec inhibited the growth of cells expressing 
TEL-PDGFRfi l$ y and in transgenic mice that expressed 
the TEL-PDGFRP, treatment with Glivec inhibited 
tumour formation and prolonged survival of the ani- 
mals 72 . A remarkable haematological and complete 
cytogenetic response has been observed in two 
patients with chronic myeloproliferative disorders 
associated with a t(5;12) translocation — one of them 
with a well -characterized TEL-PDGFR fusion gene 
and the second with a rearranged PDGFR gene with 
an as yet unidentified partner gene 73 . Other explor- 
atory clinical trials are being carried out in gliomas 
and in prostate cancer. 

Targeting the tumour mlcroenvtronmerrt 

An alternative strategy to influence tumour growth is to 
interfere with the tumour stroma and microvasculature. 
Paracrine PDGF signalling in the connective-tissue 
tumour stroma has been described in various types of 
solid tumour* 4 . Several lines of evidence indicate a role 
for PDGF in the regulation of interstitial fluid pressure 
(1FP) 74 * 76 . As most solid tumours have an increased IFP, 
pharmacological reduction might be a way to increase 
the uptake of anticancer drugs into tumours 77 . Recent 
experiments have shown that Glivec significantly 
reduced tumour IFP in subcutaneously growing PROb 
rat-colon carcinomas, and a concomitant increase in 
trans-capillary transport of a radiolabeled tracer com- 
pound into the tumour interstitium was observed 7 *. 
These effects were mediated by inhibition of the express- 
ion of PDGFR on blood vessels and stromal cells, as 
tumour epithelial cells in this tumour model do not 
express PDGFRs. 

The angiogenic activity that has been described for 
PDGF might not only be explained by its direct effects on 
capillary endothelial cells, pericytes and smooth-muscle 



cells 79 , but might also be influenced indirectly through 
paracrine action on PDGF-responsive stromal and 
perivascular cells, which are a principal source of vascu- 
lar endothelial growth factor ( VEGF) 80 . PDGF has also 
been shown to induce the expression of VEGF in 
endothelial cells, which in turn causes an autocrine 
VEGF loop* 1 . Anti-angiogenic activity of Glivec has been 
shown in vitro through inhibition of serum-stimulated 
capillary sprouting from rat aorta, and in vivo in a subcu- 
taneous implant model in which the drug inhibited 
PDGF- and also VEGF- and basic fibroblast growth factor 
(bFGP)-stimulated vascularization 82 . Blockade of PDGFR 
signalling by Glivec has also been shown to inhibit angio- 
genesis and tumour growth in an experimental model of 
bone metastasis* 3 . Glivec treatment of nude mice injected 
with PC-3MM human prostate-cancer cells into the tibia 
inhibited tumour-cell growth and induced apoptosis, 
both in tumour cells and tumour-associated endothelial 
cells. The effects were pronounced when mice were 
treated with the combination of Glivec and taxol. 
Interestingly, immunohistochemical studies showed 
that tumour cells growing in the bone (but not those in 
surrounding musculature) expressed high levels of 
PDGF-a, PDGF-0, PDGFR-a and PDGFR-0. Tumour- 
associated endothelial cells within the bone also 
expressed PDGFR-a and PDGFR-0. These data indi- 
cate that inhibition of the PDGFR in combination with 
chemotherapy might provide a new approach for the 
treatment of bone metastasis. 

Conclusion 

The discovery and development of Glivec has shown 
that is possible to produce rationally designed, mole- 
cular-targeted drugs for the treatment of a specific 
cancer. The research programme has also clearly 
shown that it is possible to define in vitro and animal 
models with high predictive quality, as the results of 
the subsequent clinical studies have largely corrobo- 
rated the preclinical findings. The predictive quality 
was achieved in this particular case by using models 
with identical genetic abnormalities as those found in 
man. The case of Glivec also shows that compounds 
that do not only affect one, but two or more targets 
(which is frequently the case), can be beneficial in 
allowing several diseases with differing molecular 
abnormalities to be addressed, without paying too high 
a price in terms of toxicity. 

The clinical data available so far in CML, GIST and 
chronic myeloproliferative disorders that involve 
rearrangement of the PDGFR gene indicate that the 
inhibition of BCR-ABL, c-KIT and PDGFRs can be 
achieved with Glivec in humans, and translated into 
clinically meaningful patient benefit. Providing clinical 
'proof of concept', these data validate the initial hypothe- 
sis of this programme, and underscore the importance 
of rationally selecting the target diseases to be consid- 
ered in the early phases of development of a molecule 
such as Glivec. 

Beyond these reasonably well-understood malig- 
nancies, Glivec could have potential in the treatment of 
other malignancies that involve any of these signalling 
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pathways, or through targeting of the tumour micro- 
environment. However, most human cancers are likely 
to be heterogeneous with regard to molecular abnor- 
malities, such as oncogene activation, and involve 
multiple signalling pathways in addition to either c- 
KIT and/or the PDGFR. Consequently, careful atten- 
tion will have to be paid in designing clinical trials in 
these more complex indications as to how patients 
should be selected on the basis of the expression or 
activation of the molecular target in their tumour, as 



far as is technically feasible. This point has been cru- 
cial in the successful outcome of the CML, GIST and 
CMML trials. The activity of Glivec in more common 
cancers with multiple and more complex molecular 
abnormalities remains to be determined, and is the 
objective of continuing research in diseases such as 
SCLC, prostate cancer and gliomas. The potential 
activity of the combination of Glivec with other sig- 
nal-transduction inhibitors or anticancer agents is 
also being investigated. 
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The pyrrolo[2,l-/I[l,2,4]triazine nucleus was identified as a novel kinase inhibitor template 
which effectively mimics the well-known quinazoline kinase inhibitor scaffold. Attachment of 
a 4-((3-chloro-4-fluorophenyl)amino) substituent to the template provided potent biochemical 
inhibitors of the tyrosine kinase activity of EGFR, as well as inhibition of cellular proliferation 
of the human colon tumor cell line DiFi. Attachment of a 4-((3-hydroxy-4-methylphenyl)amino) 
substituent provided potent inhibitors of VEGFR-2 which also showed effects on the VEGF- 
dependent proliferation of human umbilical vein endothelial cells. Biological activity was 
maintained with substitution at positions 5 or 6, but not 7, suggesting that the former positions 
are promising sites for introducing side chains which modulate physicochemicai properties. 
Preliminary inhibition studies with varying ATP concentrations suggest that, like the 
quinazoline-based kinase inhibitors, the pyrrolotriazine-based inhibitors bind in the ATP pocket. 



Introduction 

In the past decade, efforts aimed at the discovery of 
therapeutically useful inhibitors of protein kinases have 
intensified. These efforts have resulted in the identifica- 
tion of a variety of templates which, depending upon 
the nature of attached substituents, provide selective 
inhibition both within and across different protein 
kinase families. 1,2 One of these privileged scaffolds is 
the quinazoline nucleus 1 (Figure 1), which has served 
as the core template for a variety of ATP-competitive 
kinase inhibitors. 3 The leading examples of reversible 
quinazoline-based inhibitors are the clinically approved 
anticancer agent Iressa (la, ZD 1839) and OSI 774/CP 
358.774 (lb, Tarceva). which is in Phase III clinical 
trials for cancer. 4 5 Both compounds are inhibitors of the 
receptor tyrosine kinase (RTK) activity of the epidermal 
growth factor receptor (EGFR/HER1), with relative 
selectivity for EGFR inhibition provided by the substi- 
tuted aniline at position 4 and substituted alkoxy groups 
at positions 6 and 7. Two quinazoline-based drug 
candidates, one reversible (GW-572016/GW2016) and 
one irreversible (CI1033), which target both EGFR and 
the related RTK HER2 have been advanced into clinical 
trials. 6 - 7 Outside of the HER family, clinical compounds 
based on the quinazoline scaffold which target vascular 
endothelial growth factor receptor-2 (VEGFR-2/KDR) 
have been advanced into clinical trials. 8 Additionally, 
there are reports of other quinazoline-based RTK in- 
hibitors, including compounds which target the tyrosine 
kinase activity of the platelet-derived growth factor 
receptor (PDGFR). 9 

With respect to the structure— activity relationships 
for kinase inhibition by quinazolines, the nitrogen at 
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1a.R4 = HN jOC c| R 6\,0^^0 > R 7 = °CH 3 



1b ' R< = ..... A-**V Re = R? = OCH 2 CH 2 OCH 3 

HN ^ 

Figure 1. Structures of Iressa (la) and Tarceva (lb), quinazo- 
line-based inhibitors of the tyrosine kinase activity of EGFR. 

position 3 is important to EGFR inhibitory potency, but 
the nitrogen at position 1 is an even more important 
contributor. 10 Electron-donating substituents on the 
quinazoline ring improve potency, as do specifically 
substituted C4 -anilines. For VEGFR-2 inhibition, the 
key pharmacophores of the quinazoline inhibitors are 
reported to be N-l and specifically substituted C4- 
anilines. 11 

The search for novel analogues of the quinazoline 
template has generated kinase inhibitors containing a 
variety of carbon-fused heterocycles, where the potential 
for maintaining key pharmacophores is intact. 1 For 
example, the effects on EGFR inhibition of replacing the 
fused benzene of the quinazoline ring system with each 
of the isomeric pyridines has been studied. 12 Because 
of the substantial prior art with 6,6-fused analogues of 
quinazolines, we were intrigued by the possibility that 
insertion of a nitrogen at a ring-fusion position could 
generate novel quinazoline mimics. In addition, the aza- 
fusion would mandate a 5,6-ring system. It has been 
generally found that substitution at positions 6 and 7 
on the fused benzene ring of quinazoline-based kinase 
inhibitors is well tolerated, and these positions are often 
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Scheme 1.* Synthesis of Pyrrolotriazine Kinase Inhibitors 3 

NH2 



CONH 2 



NH 2 



R, = H. Me 



NHAr 



Vn 



CONH 2 
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2 8 7 

a (a) DMF, POCI3. 1 ,2-dichloroethane; (b) hydroxylamine-0-sulfonic acid, KOH, water; (c) Omesitylenesulfonylhydroxylamine, NaH, 
CH2CI2; (d) KOH; (e) HCO2H. NaOAc; (0 NaOMe, MeOH; (g) POBr 3 ; (h) 3-chloro-4-fluoro-phenylamine or 5-amino-2-methylphenol, 
acetonitrile. 



utilized to vary physical and pharmacokinetic properties 
of drug candidates. Replacement of the carbon-fused 
ring with a nitrogen-fused ring would allow the fused 
six-member ring to be replaced with a five-member ring, 
allowing attachment of side chains to 3 positions, each 
of which projects into space with a different geometry 
than quinazoline 6- or 7-substituents. 

In this report, we describe our initial progress on aza- 
fused kinase inhibitors based on the quinazoline nucleus. 
In particular, we describe preliminary synthetic and 
structure— activity relationships of pyrrolo[2,l-/] [1,2,4]- 
triazine inhibitors 2 of VEGFR-2 and EGFR. 

Chemistry. The initial pyrrolotriazine targets were 
prepared according to a reported procedure (Scheme 1) 
through the inter mediacy of the requisite pyrrolotriazi- 
nones 8. 13 The methyl-substituted 2-formylpyrroles 4 
were prepared from the pyrroles 3 by reaction with 
phosphorus oxychloride and DMF in yields ranging from 
18 to 89%. An isomeric mixture of 2-formyl-3-meth- 
ylpyrrole and 2-formyl-4-methylpyrrole in a 4:1 ratio 
was produced from the formylation of 3-methylpyrrole. 
Animation of this mixture with hydroxylamine O- 
sulfonic acid produced both N-amination as well as 
transformation of the aldehyde to the nitrile to form 5 
(isomeric mixture of Ri = 3-methyl and 4-methyl) in 
20% overall yield. The same set of transformations 
produced 5 (Ri = 5-methyl) in 65% yield by treatment 
of 5-methyl-2-formylpyrrole with Omesitylenesulfonyl- 
hydroxylamine (MSH) in DMF followed by NaH. For 

2- formyl-3,4-dimethylpyrroIe, transformation to 5 (Ri = 
3.4-dimethyl) was produced by a two-step reaction se- 
quence involving treatment with aqueous hydroxyla- 
mine O-sulfonic acid (37% yield) and subsequent N- 
amination by treatment with MSH followed by NaH 
(94% yield). Hydrolysis of the isomeric mixture of 1- 
amino-2-cyano-3-methylpyrrole and l-amino-2-cyano-4- 
methylpyrrole with aqueous KOH at room temperature 
produced i-amino-2-aminocarbonyl-4-methylpyrrole (6, 
Ri = 4-methyl, 61% yield), leaving the l-amino-2-cyano- 

3- methylpyrrole unreacted and separable. The 1-amino- 

2- cyano-5-methylpyrrole was similarly hydrolyzed to 6 
(Ri = 5-methyl) in 94% yield. Hydrolysis of the pure 
l-amino-2-cyano-3-methylpyrrole was achieved with 
KOH in aqueous ethanol at reflux to form 6 (Ri = 

3- methyl) in 82% yield. Formylation of the 1 -amino 
group to form 7 in yields ranging from 76 to 89% was 
achieved with formic acid and sodium acetate. In the 



case of the dimethyl isomer 6 (Ri = 3,4-dimethyl), 
heating at 65 °C in a mixture of formic acid and sodium 
acetate led directly to the cyclized product 8 (Ri = 5,6- 
dimethyl). For the remaining compounds, cyclization 
was achieved with sodium methoxide in methanol in 
53—80% yields. Activation of the 4-position was gener- 
ally achieved with phosphorus oxybromide, and reaction 
with the requisite anilines in acetonitrile provided the 
target compounds in two step yields ranging from 19 to 
49%. In the case of compound 10, activation was 
achieved with phosphorus oxychloride, and the two-step 
yield was 85%. 

Biological Testing. Kinase inhibition assays were 
performed in standard fashion, using the entire cyto- 
plasmic sequences of EGFR and VEGFR-2 fused to 
glutathione S-transferase (GST-HER1, GST- VEGFR-2). 
Activity was determined by quantitation of the amount 
of radioactive phosphate transferred to the poly(Glu4/ 
Tyr) substrate. Enzyme assays to shed light on the ATP- 
competitive nature of the inhibitors were performed at 
ATP concentrations of 1 and 10 fiM. Cellular assays for 
EGFR activity measured the ability of compounds to 
inhibit proliferation of DiFi human colon tumor cells or 
to inhibit proliferation of human umbilical vein endo- 
thelial cells (HUVECs) driven by EGF. Cellular assays 
for VEGFR-2 activity measured the ability of compounds 
to inhibit proliferation of HUVECs driven by the mito- 
gen VEGF. 

Structure-Activity Relationships. To ascertain 
whether the pyrrolo[l,2,4]triazine nucleus was capable 
of affording potent kinase inhibitors, we focused on two 
kinases for which a variety of potent quinazoline inhibi- 
tors are known, namely EGFR and VEGFR-2. For these 
studies, we selected key C4-anilino side chains which 
have been shown in analogous quinazoline inhibitors 
to provide potent inhibition of the kinase activity of 
these RTKs. These side chains were the 4-(3-chloro-4- 
fluorophenyl) amino group, present in the clinical EGFR 
inhibitor Iressa, and the 4-(3-hydroxy-4-methylphenyl)- 
amino group, a representative side chain present in a 
potent preclinical series of VEGFR-2 inhibitors. 411 The 
initial analogues prepared contained an otherwise un- 
substituted pyrrolo[l,2,4]triazine, as well as substitution 
patterns with a single methyl group at either the 5-, 6-, 
or 7-positions. 

Attachment of the (3-chloro-4-fluorophenyl)amino 
Iressa side chain to the 4-position of the unsubstituted 
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Table 1. Enzymatic and Cellular Activity of Pyrrolotriazine Kinase Inhibitors 

A, 
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B,R4 = 



HN^^CI 

XX, 



HN 



Me 
OH 



compd 


R4 


Rs 


R6 


Rt 


biochemical IC50 faM) 


cellular IC50 (nM) 




VEGFR-2 


EGFR 


HUVEC: VEGF/EGF 


DiFi 


9 


A 


H 


H 


H 


>10 


0.118 


> 2500/345 


1840 


10 


A 


Me 


H 


H 


>10 


0.100 


> 2500/602 


3060 


11 


A 


H 


Me 


H 


>2 


0.151 


> 2500/509 


1600 


12 


A 


H 


H 


Me 


>2 


3.25 


>2500/>2500 


> 10000 


13 


B 


H 


H 


H 


1.44 ±0.95 


0.51 


360/ND* 


> 10000 


14 


B 


Me 


H 


H 


0.066 


0.346 


98 ± 88/270 


> 10000 


15 


B 


H 


Me 


H 


0.405 


0.654 


213 ±89/644 


> 10000 


16 


B 


H 


H 


Me 


>10 


29.4 


477 ±92/101 


> 10000 


17 


B 


Me 


Me 


H 


0.023 


0.200 


310/ND 


> 10000 



a ND = not determined. 

pyrrolo(l f 2,4]triazine nucleus afforded compound 9, 
which was a relatively potent inhibitor (IC50 =118 nM) 
of the tyrosine kinase activity of EGFR (Table 1). For 
an initial analogue, this potency compares favorably to 
the reported IC50 value for Iressa (23 nM). 4 Appendage 
of a methyl group to either the 5- or 6-position of the 
pyrrolotriazine provided analogues 10 and 11, respec- 
tively, which showed inhibitory potency similar to the 
unsubstituted compound 9. The 7-methyl analogue 12 
was substantially poorer as an inhibitor of EGFR. 
suggesting that this RTK makes close contacts with the 
pyrrolo[l,2,4]triazine nucleus in the region around the 
7-position. Keeping in mind the slightly different vectors 
produced by the 7 -pyrrolotriazine and 8-quinazoline 
substituents, these data are consistent with the obser- 
vation that 8-substituents in the quinazoline-based 
EGFR inhibitors do not generally lead to improved 
biochemical potency. 10 

Attachment of the (3-hydroxy-4-methylphenyl)amino 
substituent to the 4-position of the unsubstituted nucleus 
afforded compound 13 which was a moderately potent 
inhibitor of the tyrosine kinase activity of both VEGFR-2 
and EGFR. Incorporation of a 5 -methyl group provided 
analogue 14 which showed slightly increased inhibition 
of EGFR but substantially increased inhibition of 
VEGFR-2. The 6-methyl analogue 15 was intermediate 
at inhibiting VEGFR-2 and roughly equivalent to the 
parent 13 against EGFR. Again, the 7-methyl analogue 
16 was dramatically poorer as an inhibitor of both 
EGFR and VEGFR-2, indicating that each of these 
RTKs has steric requirements which are quite stringent 
in this area of the inhibitor. Interestingly, the 5,6-di- 
methyl analogue 17 was the most potent inhibitor iden- 
tified of the tyrosine kinase activity of VEGFR-2, with 
an IC50 value of 23 nM. Improvements in potency with 
the modestly electron-donating methyl groups in this 
series parallel findings that the strongly electron-donat- 
ing 6- and 7-alkoxy groups provide increased inhibitory 
potency in the quinazoline-based EGFR inhibitors. 10 

To gain some insight into the kinetic mechanism of 
enzyme inhibition by this new class of inhibitors, IC50 
values against EGFR were determined for a selected 
compound in the presence of different concentrations 
of ATP. The IC50 value for 9 against EGFR increased 



from 0.1 18 ± 0.013 fM to 1.11 ±0.23 fiM when the ATP 
concentration in the assay was raised from 1 fiM to 10 
/*M. While far from conclusive, these preliminary data 
support the presumption that the pyrrolotriazine-based 
inhibitors are likely to be ATP competitive, a finding 
which would not be surprising, considering the fact that 
the quinazoline-based inhibitors from which the corre- 
sponding pyrrolotriazine inhibitors were derived are 
known to be ATP-competitive inhibitors. 141115 

Cellular assays were undertaken to explore whether 
this new inhibitor class was capable of providing inhibi- 
tors of the cellular functions of the EGFR and VEGFR-2 
receptors. Compounds were tested for their ability to 
inhibit the proliferation of the human colon adenocar- 
cinoma cell line DiFi, which overexpresses EGFR and 
is known to be sensitive to EGFR inhibitors. Compounds 
were also tested for their ability to inhibit the prolifera- 
tion of human umbilical vein endothelial cells (HU- 
VECs) driven by either of the mitogens EGF or VEGF. 
In the DiFi tumor cell line, each of the submicromolar 
inhibitors of EGFR (9, 10, 11) demonstrated inhibition 
of cellular proliferation in the low micromolar range, 
while the cellular IC50 value was greater than 10 fAA 
for the less potent EGFR biochemical inhibitor 12. In 
accord with their biochemical potencies, none of the 
EGFR selective compounds 9, 10, 11 or 12 inhibited the 
proliferation of HUVECs driven by VEGF. Again in 
accord with their biochemical potencies, the submicro- 
molar EGFR inhibitors 9, 10 and 11 inhibited the 
proliferation of HUVECs driven by EGF with submi- 
cromolar potencies. 

The cellular behavior of the compounds with the 
phenol side chain, which were biochemical inhibitors of 
both VEGFR-2 and EGFR, was less easily interp re table. 
Several analogues (13, 14, 15, 17) which displayed 
submicromolar IC50 values for EGFR inhibition inhib- 
ited HUVEC proliferation driven by EGF. but these 
compounds did not inhibit the cellular proliferation of 
DiFi cells. Unexpectedly, all of the compounds with the 
phenolic side chain (13—17) were moderate to potent 
inhibitors of HUVEC proliferation, regardless of the 
mitogen employed or the potency of the analogue 
against VEGFR-2 or EGFR. For example, the inhibition 
of HUVEC proliferation by 14 is not unexpected, 
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considering that it is a submicromolar inhibitor of both 
VECFR-2 and EGFR. On the contrary, the inhibition 
of VEGF- or EGF-driven HUVEC proliferation by 16 is 
completely unexpected, considering that it is a very poor 
inhibitor of both VEGFR-2 and EGFR. At the present 
time, we have no explanation for the behavior in the 
HUVEC proliferation assay of the pyrrolotriazines 
containing the phenolic side chain. Despite some incon- 
sistencies in the cellular behavior of the phenol deriva- 
tives, both chemical series demonstrated sufficient 
cellular activity to showcase the potential value of RTK 
inhibitors derived from the pyrrolo[l,2,4]triazine nucleus. 

Conclusions 

A search for novel kinase inhibitor templates identi- 
fied the pyrrolo[l,2,4]triazine nucleus as one which 
effectively mimics the well-known quinazoline kinase 
inhibitor template. Attachment of C4-substituents which 
were known from quinazoline-based compounds to 
confer inhibitory activity against the kinase activity of 
EGFR or VEGFR-2 provided potent pyrrolotriazine - 
based inhibitors of these receptor tyrosine kinases. 
Initial structure-activity studies identified positions 5 
and 6 as ones which tolerated substitution, while sub- 
stitution at the 7-position led to substantial loss of inhi- 
bitory activity. Confirming the importance of this new 
class of kinase inhibitors, many of the compounds were 
also shown to have substantial activity in cellular as- 
says. Future reports will detail the application of the 
pyrrolo[l ,2,4]triazine nucleus to the design of potent and 
selective inhibitors of a variety of kinases, and the dem- 
onstration of inhibitor efficacy in preclinical disease 
models. 

Experimental Section 

In Vitro Kinase Assays. Recombinant proteins that con- 
sisted of the entire cytoplasmic sequences of HER1 (GST- 
HER1) and VEGFR-2 (GST-VEGFR-2) fused to glutathione 
S-transferase were prepared by expression in Sf9 insect cells 
of the fusion cDNA. The protein was isolated by affinity 
chromatography using glutathione-Sepharose. Kinase assays 
were performed in 96- well microtiter plates using the synthetic 
polymer poly(Glu4/Tyr) (Sigma Chemicals) as a phosphoac- 
ceptor substrate. Test compounds were dissolved in DMSO and 
diluted with water/1% DMSO. Final concentration of DMSO 
in assay solutions was 0.5%, which was shown to have no effect 
on kinase activity. Assay conditions were (VEGFR-2; HER1): 
total volume (50 fiL\ 50 fit), enzyme (7.5 ng; 10 ng), substrate 
(75 fig/mU 100 fig/mL), ATP (2.5 /<M and 0.04 ,«Ci of [y- 33 ?]- 
ATP; 1 /*M and 0.15//Ci of (y-^PJATP), kinase buffer (20 mM 
Tris, pH 7.0. 0.5 mM DTT, 25 ^g/mL BSA, 1.5 mM MnC12; 50 
mM Tris, pH 7.5. 0.5 mM DTT, 0.1 mg/mL BSA, 10 mM 
MnC12), reaction conditions (27 °C, i h; 28 °C. 1 h). assay 
quench (50 of 30% trichloroacetic acid on ice; 1 0 of buffer 
consisting of 2.5 mg/mL BSA and 300 mM EDTA. followed by 
immediate precipitation with 1 10^L of 10% TCA on ice for 30 
min). The precipitates were transferred to 96-well UniFilter 
GF/C plates (Packard Instrument Co.) using a Filtermate 
universal harvester. The amount of phosphorylated substrate 
was quantitated using a TopCount 96-well liquid scintillation 
counter (PerkinElmer Life Sciences). Dose -response curves 
were generated to determine the concentration of inhibitor 
required to inhibit 50% of kinase activity (ICso). For VEGFR- 
2, compounds were dissolved in dimethyl sulfoxide (DMSO) 
to a concentration of 10 mM and were evaluated at six con- 
centrations diluted 4-fold, each in triplicate. For HER1, com- 
pounds were dissolved in 100% DMSO and diluted into 2x 
the final concentration with water/ 1% DMSO prior to assay. 
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Cell Based Assays. HUVEC Proliferation Assay. Pri- 
mary human umbilical vein endothelial cells (HUVECs) were 
purchased from Clonetics and not used beyond Passage 3 for 
mitogen-stimulated proliferation assays. For compound as- 
sessment, cells were plated in 100 /*L minimal growth medium 
(Cellgro) and 1.0% fetal bovine serum, heat-inactivated in 96- 
well collagen IV-coated plates (Becton-Dickinson) at a density 
of 2 x 10 3 per well in a 37 °C/5% C0 2 environment. After 24 
h. growth factor and test compound at various dilutions were 
added to each well in a final volume of minimal growth media 
that contained either VEGF (Peprotech) at 80 ng/mL, EGF 
(Clonetics) at 5 ng/mL, or no growth factors. After 48 h, 0.5 
pCi of 3 H-thymidine (Amersham) was added in a volume of 
20 fiL minimal media, and the cells were incubated for 24 h. 
Plates were washed once in PBS. Upon removal of PBS, 
trypsin (Cellgro) was added to cells which were subsequently 
harvested onto glass fiber filters (Perkin-Elmer Life Sciences) 
using an automated harvester (Brandel Modeltf MWX RI- 
192TI). Incorporated tritium was quantified using a beta 
counter (Wallac Microbe ta). Dose -response curves were gen- 
erated to determine the ICso, which is defined as the concen- 
tration of drug required to inhibit 50% of tritium incorporation 
when compared to untreated mitogen-stimulated cells. 

DiFi Cell Proliferation Assay. Inhibition of cell prolifera- 
tion was assessed by the MTS assay using a CellTiter 96 
Aqueous Non-Radioactive Proliferation Assay kit (Promega). 
Cells were inoculated into 96-well microtiter plates and 
incubated at 37 °C, 5% C0 2 . 95% air, and 100% relative 
humidity for 24 h prior to addition of drug. At the time of drug 
addition, one plate of the cell line was processed using the 
above kit to represent a measurement of the cell population 
at the time of drug addition (Am)- Following drug addition, 
the plates were incubated for an additional 72 h before 
processing to measure the cell population (A 7 zu and A: repre- 
sent cell populations at 72h in the presence and absence of 
drug, respectively). Each compound was tested at eight dif- 
ferent concentrations in triplicate in addition to control sample 
without any additions. Growth inhibition of 50% (IC50) is 
calculated from [(y4 7 2h - Ajh)/(A - Am)] x 100 = 50, which is 
the drug concentration resulting in a 50% reduction in the net 
increase in cell population (as measured by MTS staining) of 
control cells during the drug incubation. Analysis of the data 
was done in Excel using a four-parameter logistic equation to 
calculate an IC50 with data fitted using the Levenburg Mar- 
quardt algorithm. 

General Chemical Procedures. Proton NMR ('H NMR) 
and carbon NMR ( l3 C NMR) spectra were obtained on JEOL 
Eclipse 400 and 500 or Bruker Avance 400 MHz spectrometers 
and are reported relative to tetramethylsilane (TMS) reference. 
Low resolution mass spectra were obtained on a Finnigan SSQ 
700 spectrometer; high-resolution mass spectra were obtained 
on a Micromass LCT spectrometer; LC/MS was performed on 
a Thermo Finnigan LCQ Advantage system (Micromass). Ana- 
lytical and preparative HPLC were performed on YMC col- 
umns (A-302. S-5, 120A ODS. 4.6 x 150 mm; SH-345-15. S-15. 
120A ODS, 20 x 500 mm; ODA S 5m 4.6 x 500 mM) with 
acetonitrile:water gradients containing 0.1% trifluoroacetic 
acid. Chromatography was performed under flash conditions 
using EM Science silica 0.040-0.063 mm particle size. THF 
was either distilled from Na/benzophenone or obtained from 
EM Science Drisolv bottles. Solutions were dried with mag- 
nesium sulfate unless otherwise noted. 

2 Methyl -5-[(6 methyIpyrrolo[2,l-/j [1.2,4] triazin-4-yl)- 
aminojphenol (15).. To 3.15 mL (41 mmol) of DMF at 0 °C 
under argon was added dropwise 3.81 mL (41 mmol) of 
phosphorus oxychloride. The cooling bath was removed and 
stirring was continued for 15 min. The solution was diluted 
with 9 mL of 1,2-dichloroethane and again cooled to 0 °C. A 
solution of 3.0 g (37 mmol) of 3-methylpyrrole in 9 mL of 1 ,2- 
dichloroethane was added dropwise. The mixture was heated 
to reflux for 15 min and cooled to 0 °C, and a solution of 16.2 
g (203 mmol) of sodium acetate in 45 mL of water was added 
with vigorous stirring. The mixture was heated at reflux for 
20 min and allowed to cool to room temperature. The aqueous 
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layer was separated and extracted twice with methylene 
chloride. The combined organic layers were washed with sat 
NaHCCh until neutral, and dried, and the solvent was removed 
to yield a dark oily solid which was purified by flash chroma- 
tography (10% EtOAc:hexane) to afford 3.6 g (89%) of a 4:1 
mixture of 2-formyl-3-methylpyrrole and 2-formyI-4-meth- 
yl pyrrole (isomers of 4, R| = Me) as a pale yellow solid. The 
isomeric mixture was aminated as previously described to form 
a 2:1 mixture of l-amino-2-cyano-3-methylpyrrole and 1-amino- 
2-cyano-4-methylpyrrole (isomers of 5, Ri = Me) in 50% yield. 13 
The mixture of nitriles was hydrolyzed as described to form 

I -amino- 2-aminocarbonyl-4-methyl-pyrrole (6, Ri = 4-Me) as 
well as unreacted l-amino-2-cyano-3-methylpyrrole, which 
were separated by flash chromatography (10% EtOAc:hexane). 
The conversion of l-amino-2<yano-3-methylpyrroIe to 1-amino- 
2-aminocarbonyl-3-methyl-pyrrole (6. Ri = 3-Me) was ac- 
complished by performing the hydrolysis in aqueous ethanol 
at reflux for 2 h. Conversion of l-amino-2-aminocarbonyl-4- 
methyl-pyrrole to 6-methyl-pyrrolo[2,l-/| [1,2,4] triazin-4(3W)- 
one (8, Ri = 6-Me) in 71% overall yield was performed as 
described. 13 A mixture of 23 mg (0.15 mmol) of 6-methyI- 
pyrrolo[2,l -/}[!. 2,4] triazin-4(3/^-one and 0.1 g of phosphorus 
oxybromide was heated at 60 °C for 20 min under argon. A 
melt was initially obtained which solidified on continued 
heating. Ice was added to the solid with vigorous stirring. The 
mixture was extracted twice with ethyl acetate. The combined 
extracts were washed with sat NaHCCh and brine and dried, 
and the solvent was removed to afford 25 mg of crude 4-bromo- 
6-methyl-pyrrolo[2,l-fl[l,2,4]triazine as a yellow solid. A solu- 
tion of this material and 20 mg (0.165 mmol) of 3-hydroxy-4- 
methylaniline in 0.5 mL of acetonitrile was stirred overnight 
at room temperature under argon. The mixture was evapo- 
rated to dryness, and the residue was diluted with EtOAc. 
Sufficient sat NaHCC>3 was added to generate the free base. 
The organic layer was separated and washed with brine and 
dried and the solvent removed. The residual solid was sub- 
jected to flash chromatography (25% EtOAchexanes) to yield 

I I mg (0.04 mmol, 29%) of 15 as a tan solid. l H NMR (400 
MHz, DMSO-dc) 6 9.56 (s. 1H). 9.38 (s, 1H), 7.91 (s. 1H), 7.55 
(s. IH), 7.39 (d, 1H. 7= 1.3 Hz), 7.12 (dd, 1H, J= 1.8, 8.1 
Hz), 7.02 (d. IH, J= 8.1 Hz), 6.97 (s. 1H), 2.26 (s. 3H), 2.10 (s, 
3H). HRMS for C 14 H l3 N40 (M - H), Calcd: 253.1090, Found: 
253.1094. 

4-(2-Chloro-4-fluorophenylamino)-pyrrolot2 t l-flll,2 t 4l- 
triazine (9). l H NMR (400 MHz, CDC1 3 ) d 8.04 (s, IH), 7.91 
(dd, 1H. 7= 2.8, 6.6 Hz), 7.65 (s, IH), 7.50 (ddd, IH, J= 3.3, 
7.1, 9.3 Hz), 7.16 (t, IH. J= 8.8 Hz), 6.92 (br s, IH). 6.73 (dd, 
IH, J= 2.8. 4.4 Hz), 6.61 (d, IH, J= 4.4 Hz). ,3 C NMR (125 
MHz, acetone-dfe) 6 154.2 (d, J= 244.2 Hz), 152.2, 146.6, 136.3, 
123.2, 121.5 (d, J= 7.6 Hz), 119.9 (d, J= 20.4 Hz), 119.4. 
116.6 (d, 7= 22.9 Hz), 114.5, 111.2, 101.0. HRMS for C 12 H 9 N 4 - 
FC1 (M + H). Calcd: 263.0510. Found: 263.0500. 

4-(2-Chloro-4-fluorophenylamino)-5-methyl-pyrrolo- 
[2,M[l,2 f 4]triazine (10). l H NMR (125 MHz. CDCI3/CD3- 
OD) <5 7.70 (s. 2H), 7.42 (s, IH). 7.36-7.34 (m, IH), 7.29-7.06 
(m, IH), 6.43 (s, IH), 2.53 (s. 3H). 13 C NMR (125 MHz, CDCI3/ 
CD3OD) 6 156.3, 154.3. 152.8. 145.0, 133.6, 125.0, 122.6. 121.0. 
118.6. 116.6, 116.4, 113.6, 113.3, 111.3, 13.3. HRMS for 
Ci 3 H u N 4 FCl (M + H). Calcd: 276.0578. Found: 276.0599. 

4-(2-Chloro-4-nuorophenylamino)-6-niethyI-pyrrolo- 
[2,1 i][1.2,4]triazine (11). »H NMR (400 MHz, CDCI3) 6 8.00 
(s, IH). 7.91 (dd, IH, J= 2.8, 6.6 Hz), 7.50 (m. 2H), 7.16 (t, 
IH, J= 8.8 Hz), 6.76 (br s, 2H). 6.42 (s, IH), 2.33 (s. 3H). ,3 C 
NMR (125 MHz. acetone-cfc) <5 154.4 (d, J= 244.2 Hz). 151.4, 
145.9, 136.4. 123.0, 122.4, 121.3 (d. J= 7.6 Hz). 119.8 (d. J= 
20.4 Hz). 118.4. 116.5 (d, J= 22.9 Hz), 114.4, 101.3, 11.5. 
HRMS for C,3HuN 4 FCl (M + H). Calcd: 277.0656, Found: 
277.0657. 

4-(2-Chloro-4-fluorophenylamino)-7-methyI-pyrrolo- 
[2.1-!][l,2,4]triazine (12). »H NMR (400 MHz, CDC1 3 ) d 8.10 
(s, IH). 7.93 (dd. IH, J= 2.5. 6.1 Hz), 7.50 (ddd, IH, J= 3.1. 
4.0. 7.1 Hz), 7.16 (t, IH, J= 8.7 Hz), 6.84 (brs, IH), 6.58 (d, 
IH, J= 4.6 Hz), 6.53 (d, IH, J= 4.1 Hz). 2.55 (s. 3H). 13 C 
NMR (125 MHz, CDC1 3 ) 6 154.9 (d. J= 246.7 Hz), 151.9. 146.4, 
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134.6. 128.4. 124.1. 121.6 (d. J= 5.1 Hz). 121.1 (d, J= 17.8 
Hz), 116.5 (d, J= 20.4 Hz), 113.6, 110.8, 99.4, 10.8. HRMS 
for Ci 3 H,iN 4 FCl (M + H). Calcd: 277.0659, Found: 277.0657. 

2-Methyl-5-(pyrrolo[2,l -/I [ 1,2,4] triazin-4-ylamino) phen- 
ol (13). 'H NMR (400 MHz, CD 3 OD) d 7.83 (s, IH), 7.57 (dd, 
IH, J= 1.6, 2.3 Hz), 7.31 (d, IH, J= 1.6 Hz), 7.06 (d, IH. J 
= 8.06 Hz). 6.96 (m. 2H). 6.69 (dd, IH, J= 2.6. 4.3 Hz). 2.18 
(s. 3H). ,3 C NMR (125 MHz, CD 3 OD) 6 156.8, 154.2, 148.1, 
138.1, 131.6, 122.7, 119.9, 116.1. 115.1, 111.9, 110.9. 102.5, 
15.8. HRMS for C I3 Hi2N 4 0, Calcd: 240.101 1. Found: 240.1014. 

2-MethyI-5-((5-methylpyrrolo[2,l -/][l,2,4]triazin-4-yl)- 
aminojphenol (14). *H NMR (400 MHz. DMSO-afe) d 9.35 (s, 
IH), 8.24 (s. IH), 7.82 (s, IH). 7.61 (d, IH, J= 2.5 Hz). 7.24 
(d, IH. J= 2.0 Hz). 7.02 (d, IH, J = 8.1 Hz), 6.96 (dd. IH. J 
= 2.0. 8.1 Hz), 6.63 (d, IH, J= 2.4 Hz). 2.60 (s, 3H), 2.10 (s. 
3H). HRMS for Ci 4 H, 3 N 4 0 (M - H), Calcd: 253.1090, Found: 
253.1084. 

2-Methyl-5 [(7-methylpyrrolo[2,l-fl[l,2 f 4]triazin-4-yl)- 
amino]phenol (16). l H NMR (400 MHz, DMSO-cfe) 6 9.53 (s, 
IH). 9.36 (s, IH). 8.00 (s, IH), 7.43 (d. IH. J= 1.9 Hz), 7.12 
(dd, IH. J— 1.9, 8.1 Hz), 7.10 (d. IH, J= 4.3 Hz), 7.02 (d, IH, 
J= 8.1 Hz), 6.53 (d. IH, J= 4.3 Hz), 2.44 (s, 3H). 2.10 (s. 
3H). HRMS for C l4 Hi 3 N 4 0 (M - H), Calcd: 253.1090. Found: 
253.1094. 

5-[(5,6-Dimediylpyrrolo[2,l-fl[l,2,4Jtriazin-4-yl)amino]- 
2-methylphenol (17). 'H NMR (CDC1 3 , 400 MHz) 6 7.74 (s. 
IH), 7.34 (s. IH). 7.06 (d. 1 H, J= 8 Hz), 6.96 (d. IH. J= 2 
Hz), 6.65 (dd, IH. J= 2. 8 Hz), 2.48 (s, 3H), 2.17 (s. 3H), 2.05 
(s,3H).HRMSforCi 5 Hi 6 N 4 0,Calcd: 268. 1324, Found: 268.1330. 
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The 4-[(3-bromophenyI)amino]pyrido[3,4-c/Ipyrimidine PD 158780 is a very potent in vitro 
inhibitor of the tyrosine kinase activity of the epidermal growth factor receptor (EGFR) (IC 50 
0.08 nM), and other members of the erbB family, by competitive binding at the ATP site of 
these signal transduction enzymes. A series of analogues of PD 158780 bearing solubilizing 
functions off the 6-methylamino substituent were prepared by reaction of the 6-fluoro derivatives 
with appropriate amine nucleophiles. These were evaluated for their ability to inhibit the 
tyrosine phosphorylating action of EGF-stimulated full-length EGFR enzyme and for inhibition 
of autophosphorylation of the EGFR in A431 human epidermoid carcinoma cells in culture. 
The most effective analogues were those bearing weakly basic substituents through a secondary 
amine linkage, which proved water-soluble (> 10 mM) and potent (IC 50 s generally < 1 nM). No 
clear SAR could be discerned for these compounds with respect to amine base strength or the 
distance of the cationic center from the chromophore, suggesting that 6-substituents are in a 
favorable area of bulk tolerance in the enzyme binding site. More distinct SAR emerged for 
the ability of the compounds to inhibit EGFR autophosphorylation in A431 cells, where 
analogues bearing lipophilic weak bases were preferred. Representative analogues were 
evaluated for antitumor effectiveness against four in vivo tumor models. Significant in vivo 
activity was observed in estrogen-dependent MCF-7 breast and A431 epidermoid tumors. 
Marginal activity was seen in an EGFR-transfected tumor model, suggesting that while this 
cell line requires EGF for clone formation in soft agar, other growth factors may be able to 
replace EGF in vivo. Also, no activity was seen against the SK-OV-3 ovarian cancer model, 
which is known to express other EGF receptor family members (although it is not clear whether 
these are absolutely required for growth in vivo). While substantial growth delays were seen 
in A431 and MCF-7 tumor models, the treated tumors remained approximately the same size 
throughout therapy, suggesting that the compounds are cytostatic rather than cytotoxic under 
these test conditions. It remains to be determined if more prolonged therapy has cytotoxic 
effects in vivo, resulting in net tumor cell kill. 



The epidermal growth factor receptor (EGFR) has 
become an important enzyme target for cancer 
chemotherapy. 1-3 It plays a central role in growth 
signaling 4 - 5 and is overexpressed in a significant propor- 
tion of human tumors. 6,7 A major step forward in the 
development of EGFR-targeted drugs was the discovery 
of the 4-anilinoquinazoline class of compounds. 8 " 12 
These are potent and selective inhibitors of the tyrosine 
kinase activity of the EGFR via competitive binding at 
the ATP site of the enzyme. Potent inhibition of the 
enzyme is associated with small lipophilic electron- 
withdrawing groups at the 3-position of the aniline ring 
and with electron-donating groups at the 6- and/or 
7-positions of the quinazoline. 9-11 For example, 1 has 
an IC50 of 0.025 nM for inhibition of substrate phos- 
phorylation by the isolated EGFR enzyme. 9 Two ex- 
amples of this class (2 and 3) that exemplify these 
structure-activity relationships (SAR) are reported to 
be in clinical trial. 1314 
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We have recently shown 15 that related 4-(3-bromoa- 
nilino)pyrido[d]pyrimidines are also potent and selective 
inhibitors of both substrate phosphorylation by the 
isolated EGFR enzyme and its autophosphorylation in 
cells. The most potent subclass of this series of regioi- 
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somers was the pyrido[3,4-c/|pyrimidines, and in par- 
ticular the 6-methylamino derivative 5b (PD 158780). 
This compound had an IC50 of 0.008 nM for inhibition 
of substrate phosphorylation, 15 compared with an IC50 
of 7 nM for the corresponding 6-(methylamino)quinazo- 
line analogue (4). 11 

A detailed study 16 of 5b showed that it was a 
competitive inhibitor of the EGFR with respect to ATP 
and inhibited EGFR autophosphorylation in A431 hu- 
man epidermoid carcinoma cells with an IC50 of 13 nM. 
While the onset of inhibition was immediate, recovery 
of receptor autophosphorylation was slow, requiring 8 
h to complete. Compound 5b was also active against 
other members of the EGFR family, with IC50S of 49 and 
52 nM respectively for inhibition of heregulin-stimuiat- 
ed autophosphorylation in SK-BR-3 and MDA-MB-453 
breast carcinomas. SK-BR-3 ceils express EGFR, erbBZ, 
and erbB3, while MDA-MB-453 expresses erbBZ, erbB3, 
and erbBA; heregulin is a specific iigand for erbB4 but 
also binds and activates heterodimers of erbHS, erbBZ, 
and erbBA, 16-18 Studies of the inhibition of clone 
formation in soft agar of a series of transformed 
fibroblasts and established human breast carcinoma 
lines confirmed that 5b had good activity against 
members of the EGFR family, while not influencing the 
function of related tyrosine kinases. 16 The above prop- 
erties of 5 b make it an attractive lead compound for 
further development. 

The broad SAR reported for the 4-anilinoquinazolines 
and pyridofcflpyrimidines as EGFR inhibitors are con- 
sistent 19 with the compounds binding to the ATP site 
of the EGFR. In this model, 19 the N-l atom accepts an 
H-bond from Met-769 and N-3 from the side chain of 
Thr-766 on strand 5 deep in the binding cleft, and the 
anilino side chain binds in an adjacent hydrophobic 
pocket. This pocket is exceptionally large in the EGFR, 
formed in part by three additional sulfur-containing 
amino acids (Cys-751, Met-769, and Met-742). This 
binding model suggests that the only positions on the 
model where substantial property-modulating groups 
can be placed are the 6- and 7 -positions of the bicyclic 
chromophore, which are situated at the entrance of the 
adenine binding cleft. We have shown previously 20 that 
a variety of bulky side chains on the 7-position of pyrido- 
[4,3-d]pyrimidines are acceptable, but show a distinct 
SAR. 

In this paper we report the synthesis and evaluation 
of a series of 6-substituted pyrido[3,4-d|pyrimidines, 
representing analogues of 5b substituted on the 6-me- 
thylamino group. We also compare SAR for these 
compounds with that of the related 7-substituted pyrido- 
[4,3-d|pyrimidines for inhibition of isolated EGFR. 
Selected analogues were also evaluated for autophos- 
phorylation in A431 cells and in vivo against a range of 
human tumor xenografts in nude mice. 

Chemistry 

The 6-substituted 4-(phenylamino)pyrido[4,3-d]pyri- 
midines of Table 1 were prepared by the general method 
of Scheme 1. Activation of the known 21 6-fluoropyrido- 
[3,4-d]pyrimidin-4(3f/)-one (11) with SOCl 2 /DMF gave 
4-chloro-6-fluoropyrido[3,4-d]pyrimidine (12), and reac- 
tion of this with appropriate 3-substituted anilines gave 
the key intermediates 13-16. Displacement of the 
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Scheme l a 





13: X = Br 
U:X = CI 
I5:X = CF 3 
16:X = Mc 



compounds 5-9 
of Table I 



* (i) SOCl2/dichloroethane/DMF/reflux/2.5 h; (ii) 3-X-aniline/2- 
propanol/reflux/45 min; (iii) RRNH/DMSO/85-95 T/2 h-5 d. 



Scheme 2 a 
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* (i) MeN02/DBU/DMSO/25 °C/24 h; (ii) 4-(2-aminoethyl)mor- 
pholine/DMSO/80 °C/22 h. 



Scheme 3 a 
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* (i) aqueous HCN; (ii) LiAlH 4 . 

6-fluorine atom from these intermediates with amine 
nucleophiles was normally conducted in DMSO at 80- 
95 °C for 1-5 days (in a pressure vessel for the more 
volatile amines) followed by purification by direct re- 
crystallization or chromatography (method A). With 
amino acid nucleophiles, it was necessary to preform 
the sodium salts prior to reaction (method B). 20 

The 2-methyl derivative lOn was prepared by reaction 
of 13 with nitromethane to give 17 followed by fluorine 
displacement with 4-(2-aminomethyl)morpholine (Scheme 

2) . Most of the required amines were commercially 
available. 2-[(2-Aminoethyl)methylamino]ethanol was 
prepared by the general method of Kohn et al. 22 (Scheme 

3) . 

Results and Discussion 

The structures of the 6-substituted 4-(phenyiamino)- 
pyrido[3.4-<^pyrirnidines studied (5-10) are recorded in 
Table 1. Inhibition of tyrosine phosphorylation of a 
random tyrosine/glutamic acid copolymer (Sigma) by 
EGF-stimulated full-length EGFR enzyme isolated from 
A431 cells was measured by a filter binding assay. 8 At 
least two complete dose— response curves were deter- 
mined for each compound, and averaged IC50S are listed 
in Table 1. Most compounds were also evaluated for 
their ability to inhibit autophosphorylation of the EGF 
receptor in A431 human epidermoid carcinoma cells. 
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Table 1. Structural and Biological Properties of 6-Substituted 4-(Phenylamino)pyrido[3,4-dlpyrimidines 
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a Solubility in water at 20 °C, determined by HPLC (see text). Values are for the hydrochloride or dihydrochloride salt form of amines 
and the sodium salt form of acids. b IC50, concentration of drug (nM) to inhibit the phosphorylation of a random tyrosine/glutamic acid 
copolymer by EGFR (prepared from human A431 carcinoma cell vesicles by immunoaffinity chromatography). See Experimental Section 
for details. Values are the averages from at least two independent dose-response curves; variation was generally ± 1 5%. c IC50S for inhibition 
of autophosphorylation of EGFR in A431 cells in culture. Values are the average of two experiments; see Experimental Section for details. 
d 2-Me analogue. 



Compound aqueous solubilities were determined by 
HPLC following sonication for 30 min at 20 °C. Lactate 
buffer (0.05 M) was used for compounds with neutral 
side chains and water for hydrochloride salts of amines 
and sodium salts of acids. 

The initial set of 6-methylamino compounds (6b t 7b, 
8b, and 9b) was prepared to compare with 5b and 
evaluate SAR for the anilino side-chain substituent. A 
number of small lipophilic substituents have been used 
at the 3'-position in anilinoquinazolines 9 - 12-14 and cor- 
responding pyrido[4,3-alpyrimidines, 23 including CI, 
CF3, Me, and ethynyl. We have previously shown 11 that 
the 3'-Br derivative was the most potent enzyme- 
inhibitory analogue in the anilinoquinazoline series, and 
this proved also to be the case with the pyrido[3,4-c/]- 
pyrimidines. The 3'-Br analogue 5b (IC50 0.008 nM) 
proved by far to be the most potent inhibitor of the 
isolated enzyme, and we focused mainly on this sub- 



stituent in developing the 6-substituted series, although 
a small number of 3-Me analogues were also prepared 
for comparison purposes. 

Compounds 5d-g, bearing hydroxyl substituents, 
although considerably less potent than the parent 5b 
against the isolated enzyme, retained acceptable levels 
of inhibition (IC50S < 1 nM). However, they did not show 
improved aqueous solubility over 5b. In contrast, all 
but one of the basic analogues 5h— w had aqueous 
solubilities of >10 mM; the exception was 5w, with a 
rigid, directly attached piperazine substituent. Ail of 
the weak bases were evaluated for inhibition of isolated 
enzyme and of autophosphorylation. Compounds 5h,m 
compared the utility of a secondary versus tertiary 
amine linkage; the tertiary amine 5m was less effective 
against isolated enzyme, but no difference was seen in 
the autophosphorylation assay. Because of this result, 
and a more extensive evaluation of this aspect (which 
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showed no advantage) in the related pyrido[4,3-cYI- 
pyrimidines, 20 tertiary amine linkages were not inves- 
tigated further. 

For the 14 compounds with NH-linked amine side 
chains (5h-l, 5n— v), no clear SAR emerges for inhibi- 
tion of substrate phosphorylation by the isolated enzyme 
(Table 1). These 6-substituents vary in amine base 
strength (from about pIQ 7 to 10), the distance of the 
cation ic center from the chromophore (from 3 to 5 
atoms), and the overall lipophilicity of the side chain 
(containing from one to two additional OH groups). 
However, nearly all of have IC50 values of around 1 nM, 
varying by less than 10-fold (except for two outliers, 
5k, p, by less than 5-fold). There is no variation with 
positioning of the cation (5h-j), with side-chain lipo- 
philicity (for example, 5h,q), or with base strength 
(several examples). This is in contrast to the 7-sub- 
stitituted pyrido[4,3-c/Jpyrimidines, 20 where IC50S be- 
tween analogues with cationic side chains varied by 
about 100-fold, improving with distance from the chro- 
mophore and for weak bases. While the modeling 
studies 19 show that both 6- and 7-substituents are in 
an area of bulk tolerance in the binding site, at the 
entrance of the ATP pocket, the above results suggest 
that 6-substituents are in a more favorable environ- 
ment. 

There were clear SARs for the ability of the basic 
compounds to inhibit EGFR autophosphorylation in 
A431 cells (Table 1). The hydrophilic OH-containing 
analogues, and especially the diois 5q,r, were relatively 
inactive, despite high potency against the isolated 
enzyme. This is almost certainly due to poor cellular 
uptake characteristics. With the exception of the (CH2)2- 
NMe2 analogue 5h, where the cationic charge is posi- 
tioned closest to the chromophore, all the other NH- 
linked analogues were at least as potent as the parent 
5b. Overall, the weaker bases (e.g., 5u) appeared to 
show better activity. A small series of analogous 
3'-methyi derivatives with amine side chains was also 
studied (compounds 9n,o,u) but these were less 
active than their 3'-Br analogues in both assays, as 
shown previously 12 23 " 25 in several series of related 
EGFR inhibitors. The 2-methyl compound lOn was 
prepared to check bulk tolerance at this position, but it 
showed very poor activity, as suggested both from 
previous studies with 4-anilinoquinazolines 11 and from 
the binding model. 19 

Three anionic derivatives (5x— z) were also examined. 
These were more potent than any of the amine ana- 
logues against the isolated enzyme, but 5z showed very 
poor activity in the cell-based autophosphorylation 
assay. A similar result was seen for the 7 -substituted 
pyrido[4,3-c/|pyrimidines 20 and is again attributed to 
poor cellular uptake. 

From the above results, three compounds (5h,k, n), 
which represent the range of structural variations 
studied, were selected for comparison with the parent 
5b in xenograft assays in vivo. They all had much 
better aqueous solubility than 5b and showed acceptable 
activity in the two screening assays (IC50S for inhibition 
of the isolated enzyme of —1 nM and IC50S comparable 
to that of the parent 5b for inhibition of autophospho- 
rylation). Like 5b, 16 all showed an ability to shut down 
both EGF and heregulin-stimulated receptor autophos- 
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Table 2. Inhibition (IC50 Values. /<M) of EGF-Dependent Verus 
Heregulin-Dependent Tyrosine Autophosphorylation 



no. 


EGF* 


heregulin 6 


5b 


13 


52 


5h 


43 


379 


5k 


28 


1100 


5n 


7.9 


219 



a EGF-dependent receptor autophosphorylation in A431 cells. 
6 Heregulin-dependent receptor autophosphorylation in MDA-MB- 
453 cells. 



Table 3. Selectivity of Inhibition of Isolated EGFR Over Other 
Receptor Tyrosine Kinases by Selected Analogues (IC50 Values. 



no. 


EGFR 3 


c-Src* 


FGFR C 


PDGFR* 


IR< 


5h 
5k 
5n 


0.0011 
0.0046 
0.0007 


>50 (42%) ' 
>50 (26%) 
>50 (14%) 


>50 (41%) 
>50 (24%) 
>50 (39%) 


>50 (14%) 
>50 (12%) 
>50 (17%) 


>50(0%) 
>50(0%) 
>50(12%) 



a See footnote b. Table 1. 6 For conditions, see ref 36. c Fibroblast 
growth factor receptor; for conditions, see ref 36. d Platelet-derived 
growth factor receptor; for conditions, see ref 36. e Insulin receptor; 
for conditions, see ref 36. 'Percentage inhibition at 50 fM. 



phorylation in cells (Table 2), suggesting they are broad- 
spectrum inhibitors across the erbB family. At the same 
time, as also shown previously for 5b, 16 these com- 
pounds had little or no activity against a series of other 
receptor tyrosine kinases (Table 3), indicating a high 
degree of specificity for the erbB family. 

These compounds were evaluated in four xenograft 
tumor model systems in nude mice (Table 4). and the 
3'-methyl analogue 9b was also studied in the EGFR 
line. The A431 epidermoid xenograft was selected based 
on its in vitro mitogenic responsiveness to EGF and 
inhibition of growth on plastic by anti-EGF receptor 
monoclonal antibodies. The EGFR cell line was selected 
due to its expression of the transformed phenotype upon 
transfection with the human EGF receptor and its EGF 
requirement for clone formation in soft agar, 26 The 
MCF-7 breast and SK-OV-3 ovarian tumor models were 
selected based on their in vivo expression of other EGF 
receptor family members. 

Compound 5b had the best therapeutic effect against 
the A431 epidermoid carcinoma when administered 
either intraperitoneally or orally (Table 4) compared to 
compounds 5h,k,n at equitoxic doses. The latter three 
compounds produced only marginal responses in this 
model. Ail three compounds (5b,h,k) produced measur- 
able, significant effects against a mouse fibroblast 
transfected with human EGFR. The antitumor effects 
of these compounds were lost when the dose route was 
changed from intraperitoneal to peroral. Compounds 
5n and 9b were also evaluated against this tumor model 
but were ineffective. 

Neither compound 5b nor 5n was effective against 
the SK-OV-3 ovarian xenograft. This was unexpected, 
since this ceil line overexpresses erbBl. The lack of 
effectiveness may indicate that although this cell line 
overexpresses erbBl it may not be dependent on this 
receptor for growth in vivo. Compounds 5b f n produced 
a significant therapeutic effect against the estrogen- 
dependent MCF-7 breast carcinoma at equitoxic dose 
levels, whereas 5k was ineffective against this tumor 
model. Compound 5b was the most active against the 
human tumor xenografts A431 and MCF-7 when evalu- 
ated at the equitoxic doses reported in the table. 
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Table 4. In Vivo Activity of Selected Analogues against Tumor Xenografts in Nude Mice 
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a The indicated tumor fragments were implanted sc into the right axilla of mice on day 0. b Compounds were administered 
intraperitoneal^ or orally on the indicated schedules. The maximum tolerated dose (LDio) from a complete dose— response is shown for 
individual experiments. Reporting the maximum tolerated dose allows comparison of the antitumor effectiveness of test compounds at 
equitoxic dose levels. Hatio of median treated tumor mass/median control tumor mass x 100%. rf The difference in days for the treated 
(T) and control (C) tumors to reach 750 mg. 'The net reduction in tumor burden, in log, between the first and last treatments. f Highest 
dose tested. * Significantly different from control (f-test, p < 0.05). 



Compound 5n was active only against the MCF-7 tumor 
model. In the A431 and MCF-7 models the tumors 
treated with equitoxic doses of these compounds did not 
increase substantially in size over the course of therapy 
but resumed growth at the cessation of therapy. 

Conclusions 

This study was designed to determine the effects of 
water-soluble groups attached at the 6-NHMe substitu- 
ent of the extremely potent EGFR inhibitor 5b (PD 
158780). A small series of 3'-substituted analogues of 
5n confirmed that a 3'-bromo atom provided the most 
potent derivative, and this was primarily used in the 
main study. While compounds bearing neutral hy- 
droxylated substituents at the 6-position retained rela- 
tively good inhibitory potencies, aqueous solubility was 
not improved, while anionic substituents resulted in 
poor cellular uptake (as judged by relatively low poten- 
cies in the autophosphorylation assay). The most suit- 
able substituents were weak bases attached through a 
secondary amine linkage; the corresponding compounds 
had aqueous solubilities of >10 mM and IC50S for 
inhibition of the isolated enzyme of ca. 1 nM. No clear 
SAR could be discerned for amine base strength or the 
distance of the cationic center from the chromophore, 
suggesting that 6-substituents are in a favorable area 
of bulk tolerance in the enzyme binding site. More 
distinct SAR emerged for the ability of the compounds 
to inhibit EGFR autophosphorylation in A431 cells, 
where analogues bearing lipophilic weak bases were the 
best. 

Three analogues (5h,k,n), with potent activity against 
the isolated enzyme and possessing soluble basic side 
chains where the above important parameters of lipo- 
philicity and base strength were varied, were evaluated 
for antitumor effectiveness against four in vivo tumor 
model systems, along with the parent 5b and a 3'-Me 



analogue (9b). Meaningful in vivo activity against 
human xenografts was observed only in two model 
systems: the estrogen-dependent MCF-7 breast and 
A431 epidermoid tumors. The small but significant in 
vivo growth delay effects of these compounds against 
the EGFR tumor model are reflective of the fact that 
this manufactured cell line doubles in volume each day 
and hence progresses very rapidly. These results may 
also indicate that while this cell line requires EGF for 
clone formation in soft agar, other growth factors may 
be able to replace EGF in vivo. 

No activity was seen for compounds 5b,n against the 
SK-OV-3 ovarian tumor. While both the MCF-7 and 
SK-OV-3 tumors are known to express other EGF 
receptor family members in vivo, these may not be 
absolutely required for growth in vivo. However, two 
of the three compounds evaluated against MCF-7 (5b,n) 
showed significant antitumor effects. These two com- 
pounds also had the lowest relative IC50 values for the 
inhibition of heregulin-dependent tyrosine phosphory- 
lation in vitro (Table 2). It is notable that in the human 
tumor xenografts A431 and MCF-7, where responses 
were observed, the treated tumors remained approxi- 
mately the same size throughout therapy, suggesting 
that these compounds are cytostatic rather than cyto- 
toxic under these test conditions. It remains to be 
determined if more prolonged therapy would have 
cytotoxic effects in vivo, resulting in high positive net 
cell kill values. 

Experimental Section 

Analyses were performed by the Microchemical Laboratory, 
University of Otago, Dunedin, New Zealand. Melting points 
were determined using an Electrothermal model 9200 digital 
melting point apparatus and are as read. NMR spectra were 
measured on Bruker AC-200 or DRX-400 spectrometers and 
referenced to Me^Si. Mass spectra were recorded on a Varian 
VG 7070 spectrometer at nominal 5000 resolution. HPLC was 
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carried out using a Bonddone 10 CI 8 column, with a Phillips 
PU4100M gradient elution pump and a Phillips PU 4120 diode 
array detector, eluting with the appropriate ratios of 80% 
acetonitrile/20% water (solvent A) and ammonium formate 
buffer (solvent B; 28 g of ammonium formate + 2.55 mL of 
formic acid, made up to 1 L in deionized water, pH 4.5). 

2-[(2-Aminoethyl)methylamino]ethanol (20), Scheme 
3. Condensation of 3-methyloxazolidine (18) and aqueous 
HCN as reported 22 gave [AA(2-hydroxyethyl)methylamino]- 
acetonitrile (19) (93%) as an oil: bp 70-72 "C/0.03 mmHg (lit. 27 
bp 62-63 'C/0.05 mmHg); l H NMR (CDC1 3 ) 6 3.70-3.64 (br 
m. with D 2 0 wash collapses to t, J= 5.3 Hz at 6 3.67, 2 H), 
3.61 (s, 2 H), 2.69 (t. J= 5.3 Hz. 2 H). 2.43 (s. 3 H), 2.19 (br 
s, exchanges with D 2 0); CIMS mlz (relative intensity) 115 
(MH+. 46). 88 (100). 

Reduction of 19 with LiAlH* gave 20 as an oil: bp 81-82 
X/0.42 mmHg (lit. 28 bp 115-117 °C/16 mmHg, lit. 29 bp 103- 
104 °C/8 mmHg); ! H NMR (CDC1 3 ) 6 3.61 (t, J= 5.3 Hz, 2 H). 
2.81 (t, J= 5.8 Hz. 2 H). 2.55 (t, J= 5.5 Hz, 2 H), 2.50 (t. J = 
6.3 Hz, 2 H), 2.35 (br s, 3 H), 2.29 (s. 3 H); CIMS mlz (relative 
intensity) 119 (MH + . 100), 102 (97), 88 (91). 

4 - [(3-Bromopheny 1) amino] -6-fluoro pyrido [3,4-d] pyri- 
midine (13), Scheme 1. A stirred suspension of 6-fluoropy- 
rido[3,4-cflpyrimidin-4(3^-one 21 (11) (30.0 g, 182 mmol) in 1.2- 
dichloroethane (182 mL) was treated successively with SOCh 
(182 mL) and then ca. 1 mL of DMF. The mixture was heated 
at reflux for 2.5 h, then concentrated to a solid, and coevapo- 
rated twice with 1,2-dichloroethane. The residue was dis- 
solved in CH2CI2 and filtered through a short pad of silica gel, 
eluting with CH2CI2 to give 4-chloro-6-fluoropyrido[3,4-d]- 
pyrimidine (12) (30.5 g. 91%). A sample was crystallized from 
terr-butyl methyl ether: mp 75-76 °C; l H NMR (CDC1 3 ) 6 9.29 
(s. 1 H, H-2), 9.16 (s, 1 H, H-8). 7.65 (dd. J= 0.7, 2.0 Hz, 1 H. 
H-5); 19 F NMR 6 -68.9 (s); 13 C NMR 6 162.1 (d. Jc-f = 7 Hz), 

161.8 (d, Jc-f = 242 Hz), 154.1 (d. Jc-f = 2 Hz). 153.4 (d, J c -f 
= 15.3 Hz). 143.7 (d, Jc-f = 3 Hz), 130.7 (d, Jc-f = 9 Hz). 

100.9 (d, Jc-f = 39.7 Hz). Anal. (C7H3N3CIF) C. H. N. 

A mechanically stirred solution of 12 (30.0 g, 163 mmol) and 
3-bromoaniline (33.75 g, 196 mmol) in 2-propanol (400 mL) 
was heated at reflux for 45 min. The resulting suspension 
was concentrated to ca. 150 mL, and the resulting precipitate 
was collected, washed successively with 2% aqueous NaOH 
to neutral pH, water, and 2-propanol. and dried over P2O5 to 
give 13 (49.1 g. 94%): mp (2-propanol) 224-226 C C (lit. 15 mp 
219.5-221 °C); l H NMR [(CD 3 ) 2 SO] 6 10.06 (br s, 1 H, NH), 
8.94 (s, 1 H, H-8). 8.73 (s. 1 H. H-2). 8.23 (br s. 2 H, H-5.20. 
7.90 (br d, J= 7.5 Hz. 1 H, H-60. 7.39 (t, J = 7.8 Hz, 1 H, 
H-50, 7.35 (d, J= 8.0 Hz, 1 H. H-40; 19 F NMR 6 -74.12 (s); 
13 C NMR & 159.8 (d. J C -f = 233 Hz. C-6), 156.6 (d. J c -f = 5 
Hz). 154.9 (C-2), 150.7 (d. Jc-f = 15 Hz, C-8). 142.8, 140.0. 
130.5. 126.7, 124.1, 123.2 (d, Jc-f= 9 Hz). 121.2, 120.6. 99.6 
(d, Jc-f = 40 Hz, C-5); CIMS mlz (relative intensity) 321 (MH 
+ 2 + , 65). 319 (MH + . 100). 

The following compounds were prepared similarly. 

4-[(3-ChIorophenyl)amino]-6-fluoropyrido[3,4-d]pyri- 
midine (14): from 12 and 3-chloroaniline (89%); mp (MeOH/ 
H 2 0) 224-225 °C; "H NMR [(CD 3 ) 2 SOI 6 10.11 (s. I H, NH). 
8.97 (s. 1 H. H-8). 8.76 (s, 1 H, H-5), 8.28 (s. 1 H, H-2). 8.14 (t, 
J= 2.0 Hz. 1 H, H-20. 8.26 (dd. J= 8.2, 1.3 Hz. 1 H, H-60. 
7.47 (t, J = 8.1 Hz. 1 H, H-50. 7.24 (dd, J = 8.0. 1.4 Hz, 1 H, 
H-40. Anal. (ChHi 2 C1Ns) C. H. N. 

6-Fluoro-4- [[3-(trifluoromethyl) phenyl J amino] pyrido- 
[3,4-c/]pyrimidine (15): from 12 and 3-(trifluoromethyl)- 
aniline (95%); mp (MeOH/H 2 0) 209-21 1 °C; ! H NMR [(CDJ2- 
SO] 6 10.25 (s. I H, NH). 8.99 (s. I H. H-8). 8.78 (s. 1 H, H-5), 
8.35 (s. 1 H. H-2). 8.30 (s. 1 H. H-20. 8.26 (d, J= 8.3 Hz. 1 H, 
H-6% 7.68 (t. J= 8.0 Hz. 1 H. H-50. 7.53 (d. J= 7.7 Hz. 1 H. 
H-40. Anal. (C,sH, 2 F 3 N 5 ) C, H, N. 

6-Fluoro-4-[(3-methylphenyl) amino] pyrido [3,4 -d]pyri- 
midine (16): from 12 and /zKoluidine (92%); mp (MeOH/H z O) 
190-192 *C; l H NMR [(CD 3 ) 2 SOI <5 9.99 (s. 1 H, NH), 8.93 (s. 
1 H. H-8). 8.68 (d, J H -f = 1.8 Hz, 1 H, H-5), 8.29 (s, 1 H, H-2). 
7.72-7.68 (m, 2 H, H-2',60. 7.32 (t. J = 8.0 Hz. 1 H. H-50, 



7.02 (d. J = 7.4 Hz, 1 H, H-4% 2.36 (s. 3 H. CH 3 ). Anal. 
(CuHuFNJ C, H, N. 

4-[(3-Bromophenyl) amino] -6-(methylamino)pyrido [3,4- 
cflpyrimidine (5b), General Method A of Scheme 1. A 2-L 
stainless steel reactor was flushed with dry N 2 and charged 
with 13 (35.0 g, 108 mmol) and anhydrous MeNH 2 (57.5 g, 
1.85 mol) in DMSO (1 L). The reactor was sealed and heated 
at 80 *C for 24 h and then cooled. After venting off the excess 
MeNH2, the mixture was concentrated to ca. 500 mL and 
poured slowly into 2.5 L of water with vigorous stirring. The 
precipitate was collected, washed well with water, and dried 
over P2O5 to afford 5b: mp (2-propanol) 181-183 °C (lit. 15 mp 
172-173 °C from MeOH/H 2 0). Total yield after chromatog- 
raphy of the mother liquor on silica gel: 32.5 g (91%). 

The following compounds were prepared similarly. 

4- [(3-Bromophenyl)amino]-6- [(2-hydroxyethyl) amino] - 
pyrido [3,4- djpyrimidine (5d): from 13 and ethanolamine 
(35% yield after two recrystallizations from MeOH); mp 209- 
210 °C; »H NMR [(CD 3 ) 2 SO] 6 9.72 (s. 1 H, NH), 8.75 (s, 1 H. 
H-8), 8.40 (s. 1 H. H-2), 8.20 (br s. 1 H, H-20. 7.91 (br d. J= 
8.0 Hz, 1 H, H-60, 7.37 (t, J = 8.0 Hz, 1 H, H-50. 7.31 (br d, 
7= 8.4 Hz, 1 H, H-40. 7.15 (s. 1 H, H-5), 6.66 (t, J= 5.7 Hz. 
1 H, NH). 4.80 (t, J = 5.3 Hz. 1 H. OH), 3.65 (q, J= 5.8 Hz, 
2H.CH 2 ). 3.38(q. J=6.1Hz, 2H.CH 2 ). Anal. (Ci 5 H u BrN 5 ) 
C, H, N. 

4-[(3-Bromophenyl)amino]-6-[VV-(2-hydroxyethyl)-VV- 
methylamino]pyrido[3,4-d]pyrimidine (5e). A mixture of 
13 (0.20 g. 0.63 mmol) and 2-(methylamino)ethanoi (2.4 g, 31 
mmol, 50 equiv) in EtOH (50 mL) was heated at 95 °C for 18 
h in a sealed pressure vessel. The solvent was removed under 
reduced pressure, and the residue was triturated with water 
and recrystallized from MeOH to give 5e (0.21 g, 89%): mp 
236-237 *C; 'H NMR [(CD 3 ) 2 SO] d 9.73 (s, 1 H, NH), 8.82 (s. 
1 H. H-8), 8.41 (s. 1 H, H-2), 8.18 (br s. 1 H. H-20. 7.93 (br d. 
J= 8.0 Hz, 1 H. H-60. 7.38 (t. J = 8.0 Hz, 1 H, H-50. 7.33 (br 
d. J= 8.4 Hz, 1 H. H-40. 7.24 (s, 1 H, H-5), 4.73 (t, J= 5.3 
Hz, 1 H, OH), 3.76 (t. J= 6.1 Hz, 2 H, CH2), 3.63 (dd, J= 6.1, 
5.6 Hz, 2 H. CH 2 ). 3.19 (s. 3 H, CH 3 ). Anal. (C^H^BrNsO) 
C, H, N. 

4-[(3-BromophenyI)amino]-6-[(2,3-dihydroxypropyl)- 
amino] pyrido [3,4 -djpyrimidine (5f): from 13 and 2,3- 
dihydroxypropylamine (42%); mp (MeOH) 186.5-188 'C; »H 
NMR [(CD 3 ) 2 SO! d 9.74 (s, 1 H, NH), 8.75 (s, 1 H, H-8), 8.41 
(s, 1 H, H-2), 8.21 (br s, 1 H, H-20. 7.91 (br d, J= 7.9 Hz. 1 H. 
H-60. 7.37 (t, J= 8.0 Hz, 1 H, H-50. 7.31 (br d. J= 8.4 Hz, 1 
H. H-40. 7.16 (s. 1 H, H-5). 6.46 (t, J= 5.5 Hz, 1 H, NH), 4.93 
(d, J= 4.9 Hz, 1 H. OH). 4.68 (t, J= 5.5 Hz. 1 H. OH). 3.77 
(sextet, J= 5.5 Hz. 1 H. CH), 3.47-3.39 (m. 2 H. CH 2 ). 3.27- 
3.20 (m, 2 H, CH2). Anal. (CeH^BrNsOz-O.SHzO) C. H; N: 
found. 18.1; calcd. 18.5. 

4-[(3-Bromophenyl)amino] -6- [W(2,3-dihydroxypropyl)- 
7V-methylamino]pyrido [3,4- djpyrimidine (5g): from 13 
and 2,3-dihydroxypropyl-AAmethylamine 20 (72%); mp (MeOH) 
159-160 °C; 'H NMR [(CD 3 ) 2 SO] d 9.71 (s, 1 H, NH). 8.82 (s, 
1 H, H-8), 8.41 (s. 1 H, H-2). 8.18 (t J= 1.9 Hz, 1 H. H-20. 
7.93 (br d, J= 8.2 Hz, 1 H, H-60. 7.39 (t, J= 8.0 Hz, 1 H, 
H-50. 7.33 (br d, J = 8.4 Hz. 1 H. H-40, 7.22 (s, 1 H, H-5), 
4.75 (d, J = 4.9 Hz, 1 H, OH). 4.59 (t, J= 5.7 Hz. 1 H. OH). 
3.84-3.79 (m. 2 H. CH 2 ). 3.59 (dd. J= 8.7. 6.7 Hz. 1 H. CH), 
3.41-3.35 (m, 2 H, CH2). 3.19 (s, 3 H, CH 3 ). Anal. (Ci 7 H 18 - 
BrN 5 0 2 ) C. H. N. 

4-[(3-Bromophenyl)amino]-6-[[2-(dimethylamino)- 
e thy 1] amino] pyrido [3,4- djpyrimidine (5h): from 13 and 
2-(dimethylamino)ethyIamine (63%); mp (CH2CI2) 1 14- 1 18 °C; 
»H NMR [(CD 3 ) 2 SO] 6 9.69 (s, 1 H, NH), 8.76 (s, 1 H, H-8), 
8.41 (s, 1 H, H-2), 8.22 (t, J= 1.9 Hz, 1 H, H-20. 7.91 (br d, J 
= 8.0 Hz, 1 H, H-60. 7.37 (t, J= 8.0 Hz, 1 H, H-50. 7.31 (br d, 
J= 8.4 Hz. 1 H. H-40. 7.15 (s. 1 H, H-5). 6.50 (t, J= 5.4 Hz. 
1 H. NH). 3.38 (dd. J= 6.6. 5.7 Hz. 2 H. CHJ. 2.53 (t. J= 6.6 
Hz, 2 H. CH2). 2.23 (s. 6 H, CH 3 ). Dihydrochloride salt (from 
EtOH): mp 250-252 °C. Anal. (C,7H, 9 BrN 6 -2HCl) C. H. N. 
CI. 

4-[(3-Bromophenyl)amino]-6-[[3-(dimethylamino)pro- 
pyl] amino] pyrido [3, 4 -djpyrimidine (5i): from 13 and 
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3-(dimethyiami no) propylamine (80%); mp (CH 2 Cl 2 /hexane) 
160-161 °C; >H NMR [(CD 3 ) 2 SO] 6 9.72 (s. 1 H. NH). 8.75 (s, 
1 H, H-8). 8.40 (s. 1 H, H-2), 8.20 (t. J= 1.8 Hz, 1 H. H-20. 
7.91 (br d, J = 8.2 Hz. 1 H, H-60. 7.37 (t, J= 8.0 Hz. 1 H. 
H-50. 7.31 (br d. J = 8.4 Hz. 1 H. H-40, 7.08 (s. 1 H. H-5). 
6.84 (t, J= 5.4 Hz. 1 H. NH). 3.29 (q. 7= 6.2 Hz. 2 H. CH 2 ). 
2.35 (t. J= 6.9 Hz, 2 H. CH 2 ). 2.15 (s. 6 H, CH 3 ). 1.78 (pentet, 
J=6.9Hz, 2H. CH 2 ). Anal. (C, 8 H 2 iBrN 6 ) C. H. N. 

4- [(3-Bromophenyl) amino] -6- [[4-(dimethylamino) butyl] - 
amino] pyrido [3,4-cQpyrimidine (5j): from 13 and 4-(di- 
methylamino)butylamine (98%); mp (CH^lj/hexane) 176-177 
•C; 'H NMR [(CD 3 ) 2 SO] 6 9.68 (s. 1 H. NH). 8.75 (s, 1 H. H-8). 

8.39 (s, 1 H. H-2), 8.21 (t. J= 1.8 Hz. 1 H. H-20. 7.92 (br d, J 
= 8.3 Hz. 1 H. H-60. 7.37 (t. J= 8.0 Hz. 1 H. H-50. 7.31 (dd, 
J = 8.4. 1.2 Hz. 1 H. H-40, 7.06 (s. 1 H. H-5). 6.87 (t, J= 5.6 
Hz. 1 H. NH). 3.27 (q. J= 6.4 Hz, 2 H, CH 2 ). 2.24 (t, J= 7.1 
Hz, 2 H. CHz). 2.12 (s, 6 H. CH 3 ). 1.65 (pentet, J= 7.1 Hz, 2 
H, CH2), 1.53 (pentet. J= 7.2 Hz. 2 H, CH 2 ). Anal. (C, 9 H 23 - 
BrN 6 ) C. H. N. 

4-[(3-Bromophenyl)amino]-6-[[3-(diethylamino)-2-hy- 
droxypropyl] amino] pyrido [3,4 -cflpyrimidine (5k). A so- 
lution of 13 (5.74 g, 18 mmol) and l-amino-3-(diethylamino)- 
2-propanol 30 (26.3 g. 180 mmol) in DMSO (27 mL) was heated 
at 80 °C under N 2 for 23 h. The DMSO was evaporated under 
reduced pressure (0.1 mm) at 100 °C, and the residue was 
purified by flash chromatography on silica gel. Elution with 
a gradient of MeOH in EtOAc containing 2% Et 3 N and pooling 
of appropriate fractions gave 5k (4.87 g). Rechromatography 
of the mother liquor gave an additional 0.48 g (total yield 
67%): mp (dihydrochloride salt from 'PrOH/CHjjCb/HCl) 
(EtOAc) 189-192 °C; l H NMR (free base, (CD 3 ) 2 SOI 6 9.72 (s. 
exchanges with D 2 0. 1 H), 8.75 (s. 1 H). 8.41 (s. 1 H). 8.21 (t. 
7= 1.9 Hz. 1 H). 7.91 (d, J= 7.0 Hz. 1 H), 7.39-7,29 (m, 2 
H). 7.14 (s, 1 H), 6.63 (t, J= 5.3 Hz, exchanges with D 2 0. 1 
H). 4.77 (d, J= 4.3 Hz, exchanges with D 2 0, 1 H). 3.87-3.83 
(m. 1 H), 3.39-3.28 (m. 2 H). 2.58-2.41 (m, 6 H), 0.96 (t. J = 
7.0 Hz. 6 H); CIMS mlz (relative intensity) 445 (MH + . 13), 447 
(13). Anal. (C 20 H 25 BrN 6 O-2HCl-0.5H 2 O) C. H, N. 

4-[(3-Bromophenyl)amino]-6-[[2-[yV-(2-hydroxyethyl)- 
methyl amino] ethyl] ami no] pyrido [3,4 -ri|py rimidine (51). 
Reaction of 13 with 2-[(2-aminoethyl)methylamino]ethanol 
(20). followed by column chromatography, gave 51 (60% as the 
dihydrochloride salt): mp (CH 2 Cl 2 /2-propanol) 182-189 °C dec; 
'H NMR [(CD 3 ) 2 SO] <5 1 1.63 (br s. 1 H, exchanges with D 2 0), 
10.1 1 (br s, 1 H. exchanges with D 2 0), 8.92 (s, 1 H), 8.72 (s. 1 
H), 8.21 (s. 1 H). 7.94 (d overlapping s. 2 H. with D 2 0 wash 
collapses to 6 7.85, d. J = 8.2 Hz, 1 H. <5 7.68, s, 1 H). 7.60- 

7.40 (br s overlapping m, 3 H, with D 2 0 wash collapses to d, 
2 H), 3.84-3.75 (m, 4 H), 3.53-3.40 (m, 1 H), 3.40-3.27 (m, 2 
H), 3.26-3.16 (m, 1 H). 2.90 (d, J= 4.8 Hz. 3 H, with D 2 0 
wash collapses to s); CIMS mlz (relative intensity) 417 (MH+, 
26). 419 (25). Anal. (Ci 8 H 2l BrN 6 O-2HCl-0.5 H z O) C, H. N, 
CI. 

A higher /^component, eluted from the column with EtOAc/ 
MeOH/Et 3 N (90:10:1) (29 mg). was identified as 5e. resulting 
from nucleophilic addition of the tertiary amine of the side 
chain followed by extrusion of aziridine. 

4-[(3-BromophenyI)amino]-6-[M[2-(dimethylamino)- 
ethyl]-7V-methylamino] pyrido [3,4- dj py rimidine (5 m): from 
13 and 2-(dimethylamino)-Af-methylethylamine (72%); 'H 
NMR [(CD 3 ) 2 SO] 6 9.72 (s. 1 H, NH). 8.83 (s. 1 H, H-8). 8.41 
(s, 1 H, H-2). 8.18 (br s. 1 H. H-20. 7.92 (br d. J= 7.9 Hz. 1 H. 
H-60. 7.38 (t. J= 8.0 Hz, 1 H. H-50. 7.33 (br d. J= 8,0 Hz. 1 
H. H-40. 7.21 (s, 1 H. H-5), 3.80 (t, J= 6.8 Hz, 2 H. CH 2 ), 3.14 
(s. 3 H. CH 3 ). 2.45 (t. J= 6.8 Hz, 2 H, CHz). 2.19 (s, 6 H. CH 3 ). 
Dihydrochloride salt (from EtOH): mp 260-262 'C. Anal. 
(C,8H 21 BrN 6 -2HCi) C, H, N, CI. 

4-[(3-Bromophenyl)amino]-6-[[2-(4-morpholino)ethylJ- 
amino] pyrido [3,4 -d]py rimidine (5n). A mixture of 13 (0.20 
g, 0.63 mmol) and 4-(2-aminoethyl)morpholine (4.1 g. 31 mmol, 
50 equiv) in DMSO (40 mL) was heated at 95 *C for 18 h. Most 
of the DMSO was removed under reduced pressure at 80 °C, 
and the residue was diluted with water and extracted into 
EtOAc. After being washed twice with water, the organic layer 
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was dried (Na 2 S04), and the solvent was removed under 
reduced pressure. Chromatography of the residue on silica 
gel, eluting with EtOAc/MeOH (99:1), gave 5n (0.19 g. 71% 
yield): mp (MeOH) 185-187 °C; l H NMR [(CD 3 ) 2 SO] 6 9.69 
(s. 1 H. exchangeable with D 2 0. NH). 8.76 (s, 1 H. H-8). 8.41 
(s. 1 H, H-2), 8.21 (t. J= 1.9 Hz. 1 H, H-2). 7.91 (br d. .7 = 8.1 
Hz. 1 H. H-6), 7.37 (t, J= 8.0 Hz, 1 H, H-5). 7.31 (br d. J = 
7.9 Hz, 1 H, H-4), 7.15 (s. 1 H. H-5). 6.55 (t. J= 5.5 Hz. 1 H. 
exchangeable with D 2 0. NH). 3.60 (t, J = 4.6 Hz, 4 H. CH 2 0), 
3.41 (dd, J= 6.5. 5.9 Hz. 2 H. CH 2 N). 2.60 (t, J= 6.7 Hz, 2 H, 
CH 2 N). 2.46 (m. 4 H, CH 2 N). Anal. (C,9H 2 ,BrN 6 0) C, H, N. 
Dihydrochloride salt: mp (MeOH/EtOH) 267 °C dec. Anal. 
(Ci 9 H 21 BrN 6 0-2HCl) C, H, N. CI. 

4-[(3-Bromophenyl)amino]-6-[[3-(4-morpholino)propy- 
1] amino] pyrido [3,4 -d\py rimidine (5o): from 13 and 4 (3- 
aminopropyl)morpholine (87%); mp (MeOH/H 2 0) 177-178 °C; 
.H NMR [(CD 3 ) 2 SO] d 9.70 (s, 1 H, NH). 8.75 (s. 1 H, H-8), 
8.40 (s, 1 H, H-2), 8.20 (t, J= 1.9 Hz, 1 H, H-20. 7.91 (ddd. J 
= 8.0. 1.8, 1.2 Hz. 1 H, H-60. 7.37 (t, J= 8.0 Hz, 1 H. H-50, 
7.31 (dd. J= 8.0, 1.2 Hz. 1 H, H-40. 7.08 (s. 1 H. H-5). 6.86 (t. 
y= 5.5 Hz, 1 H. NH), 3.58 (t. J= 4.6 Hz, 4 H, CHz). 3.31 (q, 
J= 6.4 Hz, 2 H, CHz). 2.41 (t. J= 7.0 Hz. 2 H. CH;>). 2.36 (br 
m. 4 H. CHJ, 1.81 (pentet, J= 6.9 Hz, 2 H. CH 2 ). Anal. 
(C 20 H 23 BrN 6 O) C, H, N. 

4 [ (3-Bromophenyl) amino] -6- [[3- (4 methyl- 1 -pipe razi- 
nyl) propyl] amino] pyrido [3,4 -c/Jpyrimidine (5p): from 13 
and 3-(4-methylpiperazyl) propylamine (83%); mp (CH 2 C1 2 / 
hexane) 182-183 °C; l H NMR f(CD 3 ) 2 SO] 6 9.70 (s. 1 H. NH), 
8.75 (s. 1 H. H-8). 8.40 (s. 1 H, H-2), 8.20 (t. J= 1.9 Hz, 1 H, 
H-20. 7.92 (br d. J= 8.2 Hz, 1 H. H-60. 7.37 (t, J= 8.0 Hz. 1 

H. H-50. 7.31 (dd, J= 8.3. 1.2 Hz. 1 H. H-40. 7.07 (s, 1 H, 
H-5), 6.85 (t, J= 5.5 Hz, 1 H, NH). 3.30 (q. J— 6.3 Hz, 2 H, 
CHz), 2.40 (t, J= 7.0 Hz. 2 H. CH 2 ). 2.33 (br m. 4 H, CHz), 
2.13 (s, 3 H. CH 3 ). 1.79 (pentet. J= 7.2 Hz, 2 H, CH 2 ). Anal. 
(C 2 iH 26 BrN 7 ) C, H. N. 

4- [ (3-Bromophenyl) amino] -6- [ [2- [N,N-his (2-hydroxy- 
e thy 1) amino] ethyl] amino] pyrido [3, 4-cflpyrimidine 
(5q): from 13 and A/;yV-bis(2-hydroxyethyl)ethyIamine (41%); 
mp (MeOH) 210-211 fl C; ! H NMR [(CD 3 ) 2 SO] 6 9,70 (s, 1 H, 
NH). 8.76 (s, 1 H, H-8), 8.41 (s, 1 H. H-2), 8.22 (br s. 1 H. H-20. 
7.92 (br d, J= 8.1 Hz, 1 H, H-60. 7.37 (t. J= 8.0 Hz, 1 H, 
H-50. 7.31 (br d. J= 8.0 Hz, 1 H, H-40. 7.14 (s, 1 H. H-5). 
6.59 (t, J= 5.4 Hz, 1 H, NH). 4.44 (t, J= 5.4 Hz, 2 H, OH). 
3.46 (dd. J = 5.9. 5.7 Hz, 4 H, CHz), 3.34 (q, J= 6.2 Hz, 2 H. 
CH 2 ). 2.78 (t, J— 6.3 Hz, 2 H, CHJ, 2.62 (t. J = 6.1 Hz, 4 H, 
CHz). Anal. (C, 9 H 23 BrN 6 0 2 ) C. H, N. 

4-[(3-Bromophenyl)amino]-6-[[3-[ J /V,Ar-bis(2-hydroxy- 
ethyl) amino] propyl] amino] pyrido [3,4-cfl py rimidine 
(5r): from 13 and 7V,7V-bis(2-hydroxyethyl)propylamine (48%); 
iH NMR ((CD 3 ) 2 SO] 6 9.68 (s. 1 H, NH). 8.75 (s. 1 H, H-8), 
8.40 (s, 1 H, H-2), 8.21 (t. J= 1.8 Hz. 1 H, H-20. 7.91 (brd. J 
= 8.4 Hz, 1 H, H-60. 7.37 (t, 7= 8.0 Hz. 1 H. H-50. 7.31 (br d, 
J= 8.3 Hz. 1 H, H-40. 7.07 (s. 1 H, H-5), 6.87 (t. J= 5.5 Hz. 
1 H. NH), 4.40 (t. J = 4.9 Hz, 2 H, OH), 3.45 (dd, J= 5.9. 5.3 
Hz, 4 H. CHz). 3.31 (dd, J= 6.2. 5.9 Hz, 2 H. CHz), 2.61 (t, J 
= 6.9 Hz. 2 H. CHz). 2.55 (t. J= 6.3 Hz. 4 H. CHz), 1.76 (pentet, 
7=6.71-^,2^0^. Dihydrochloride salt (from EtOH): mp 
205-207 °C. Anal. (C 2 oH 2 sBrN60 2 -2HCl) C, H, N, CI. 

4- [(3-Bromopheny l)amino] -6- [(3-pyridyl) methylamino] - 
pyrido [3,4- d]pyrimldine (5s): from 13 and 3-(aminometh- 
yOpyridine (37%); »H NMR [(CD 3 ) 2 SO] 6 9.72 (s, 1 H, NH). 8.78 
(s, 1 H. H-8). 8.64 (d. J= 1.7 Hz. 1 H. H-2'0. 8.44 (dd, 7= 4.7, 

I. 4 Hz. 1 H. H-4'0. 8.41 (s. 1 H. H-2). 8.21 (t, J= 1.9 Hz. 1 H, 
H-20. 7.89 (br d, J= 7.9 Hz. 1 H, H-60. 7.79 (br d, J= 6.2 Hz. 
1 H. H-6'0. 7.47 (t, J= 6.3 Hz. 1 H, NH). 7.37 (t. J= 8.0 Hz. 
1 H, H-50, 7.35-7.30 (m. 2 H. H-4',5'0. 7.25 (s. 1 H, H-5). 4.60 
(d, 7= 4.4 Hz. 2 H, CHz). Dihydrochloride salt (from EtOH): 
mp 260-262 °C. Anal. (C I9 H,6BrN 6 -2HCl) C, H, N. 

4-[(3-Bromophenyl)amino]-6-[[2-(2-pyridyl)ethyl]ami- 
no]pyrido[3,4-cQpyrimidine (5t): from 13 and 3-(2-amino- 
ethyl)pyridine (87%); mp (MeOH/H 2 0) 170-171.5 °C; ! H NMR 
[(CD 3 ) 2 SO] d 9.72 (s. 1 H. NH). 8.76 (s. 1 H, H-8). 8.53 (dd, J 
= 4.2. 0.9 Hz. 1 H, H-6'0. 8.41 (s. 1 H, H-2), 8.20 (t, J= 1.9 
Hz, 1 H. H-20. 7.90 (br d, J= 7.7 Hz, 1 H, H-60. 7.73 (td. J= 
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7.6, 1.7 Hz. 1 H. H-4"), 7.38-7.34 (m, 2 H, H-5',3"), 7.31 (br 
d. 7= 8.1 Hz, 1 H, H-40. 7.24 (ddd. J= 8.2. 4.9. 0.8 Hz. 1 H, 
H-5"), 7.12 (s. 1 H, H-5), 6.88 (t, J= 5.4 Hz, 1 H, NH). 3.65 
(dd. J= 7.0, 5.5 Hz. 2 H, CHz), 3.12 (t. J= 7.2 Hz, 2 H, CH 2 ). 
Anal. (C 20 Ht7BrN 6 ) C, H, N. 

4-[(3-Bromophenyl)amino]-6-[[2-(4-imidazolyl)ethyl]- 
amino] pyrido [3,4 -d]pyrimidine (5u): from 13 and 2-(imi- 
dazol-4-yl)ethylamine (66%); mp (MeOH) 200-201 °C; l H 
NMR [(CD 3 ) 2 SO] <5 11.87 (br, 1 H, NH), 9.71 (s, 1 H, NH). 8.76 
(s. 1 H, H-8), 8.41 (s. 1 H. H-2), 8.20 (t, J= 1.8 Hz, 1 H, H-20, 
7.91 (br d, J= 8.0 Hz, 1 H, H-60. 7.57 (d, J= 0.8 Hz. 1 H. 
H-2"). 7.37 (t, J= 8.0 Hz. 1 H. H-50. 7.31 (br d, J= 8.2 Hz, 1 
H, H-40. 7.13 (s. 1 H. H-5). 6.89 (br s, 1 H, H-5"). 6.85 (t, J= 
5.4 Hz, 1 H, NH), 3.51 (dd. J= 7.2. 5.7 Hz. 2 H, GHz). 2.88 (t, 
7= 7.3 Hz, 2 H. CH 2 ). Anal. (C,9H 18 BrN 7 ) C, H. N. 

4-[(3-Bromophenyl)amino]-6-[[3-(l-imidazolyl)propy^ 
amino] pyrido [3, 4-d]pyrimidine (5v): from 13 and 3-(imi- 
dazol-l-yl)propylamine (64%); mp (MeOH/H 2 0) 195.5-197 'C; 
iH NMR [(CD 3 ) 2 SO] 6 9.71 (s. 1 H. NH). 8.77 (s. 1 H. H-8), 
8.41 (s, 1 H. H-2), 8.20 (t. J = 1.9 Hz. 1 H, H-20, 7.90 (br d. J 
= 8.1 Hz, 1 H, H-60, 7.66 (s. 1 H, H-2"). 7.37 (t. J= 8.0 Hz, 1 
H, H-50, 7.32 (br d. J= 8.2 Hz, 1 H. H-40. 7.22 (s, 1 H, H-5"). 
7.08 (s, 1 H, H-5), 6.98 (t. J= 5.4 Hz. 1 H, NH), 6.91 (s. 1 H, 
H-4"), 4.11 (t, J= 7.0 Hz, 2 H. CHz), 3.25 (q, J= 6.1 Hz. 2 H, 
CHz), 2.09 (pentet. J= 6.8 Hz, 2 H. CHz). Anal. (C I8 H,6BrN 7 ) 
C, H, N. 

4-[(3-Bromophenyl)amino]-6-(4-methyl-l-piperazinyl)- 
pyrido[3,4-£/Jpyrimidine (5w): from 13 and 1-methylpip- 
erazine (25%); mp (CHzClz) 219.5-222 °C: ! H NMR t(CD 3 ) 2 SO] 
6 9.75 (s. 1 H, NH). 8.86 (s, 1 H, H-8). 8.48 (s, 1 H. H-2), 8.19 
(t, J= 1.7 Hz, 1 H. H-20, 7.92 (br d. J= 8.1 Hz. 1 H. H-60, 
7.50 (s, 1 H, H-5), 7.39 (t, J= 8.0 Hz, 1 H, H-50. 7.33 (br d, J 
= 8.3 Hz, 1 H, H-40. 3.63 (t. J= 4.8 Hz. 4 H, CHz). 2.49 (t. J 
= 4.8 Hz, 4 H, CH 2 ), 2.26 (s, 3 H. CH 3 ). Anal. (Ci 8 H 19 BrN 6 ) 
C, H, N. 

4-[(3-Chlorophenyl)amino]-6-(methylamino)pyrido- 
[3,4-dlpyrimidine (7b): from 14 and MeNH 2 (82%); mp 
(MeOH/H 2 0) 185.5-187 °C; l H NMR [(CD 3 ) 2 SO] 6 9.72 (s, 1 
H. NH), 8.76 (s, 1 H. H-8), 8.42 (s. 1 H, H-2), 8.11 (t. J= 2.0 
Hz. 1 H, H-20. 7.87 (dd, J= 7.9. 2.0 Hz. 1 H, H-60. 7.43 (t, J 
= 8.1 Hz, 1 H. H-50. 7.18 (dd, J= 7.8. 1.8 Hz. 1 H, H-40. 7.07 
(s, 1 H, H-5). 6.83 (q, J = 4.9 Hz, 1 H, NH), 2.89 (d, J= 4.8 
Hz. 3 H. CH 3 ). Anal. (CnH 12 ClN 5 ) C, H, N. 

6- (Methylamino) -4- [[3-(trifluoromethyl)phenyl] amino]- 
pyrido[3,4-</]pyrimidine (8b): from 15 and MeNH 2 (72%); 
mp (MeOH/HzO) 172-173 °C; 'H NMR [(CD 3 ) 2 SO] 6 9.85 (s, I 
H, NH), 8.77 (s. 1 H, H-8), 8.42 (s, 1 H, H-2), 8.31 (br s. 1 H. 
H-20. 8.27 (br d. J= 8.2 Hz, 1 H, H-60. 7.64 (t, J= 8.0 Hz. 1 
H, H-50, 7.47 (br d. J— 7.7 Hz. 1 H. H-40. 7.08 (s, 1 H, H-5). 
6.85 (q, J= 4.9 Hz, 1 H, NH), 2.90 (d. J= 5.0 Hz, 3 H. CH 3 ). 
Anal. (C, 5 H l2 F 3 N 5 ) C, H. N. 

6-(Methylamino)-4-[(3-methylphenyl) amino] pyrido- 
[3,4-</|pyrimidine (9b): from 16 and MeNH 2 (74%); mp 
(MeOH/H 2 0) 189-190 *C; ! H NMR f(CD 3 ) 2 SO] 6 9.57 (s. 1 H, 
NH), 8.72 (s, 1 H, H-8), 8.34 (s, 1 H. H-2), 7.69 (br d, J = 7.9 
Hz, 1 H. H-60. 7.65 (br s, 1 H, H-20. 7.29 (t, J= 7.8 Hz, 1 H, 
H-50. 7.08 (s. 1 H. H-5), 6.96 (br d. J = 7.6 Hz. 1 H. H-40. 
6.76 (q. J= 4.9 Hz, 1 H. NH). 2.88 (d, J= 4.9 Hz, 3 H, CH 3 ), 
2.35 (s, 3 H, CH 3 ). Anal. (C5H15N5) C. H, N. 

6-(Dimethylamino)-4-[(3-methylphenyl)amino]pyrido- 
[3,4-</|pyrimidine (9c): from 16 and dimethylamine (68%); 
mp 239-241 *C; l H NMR I(CD 3 ) 2 SO] 6 9.61 (s. 1 H, NH), 8.81 
(s, 1 H, H-8), 8.36 (s, 1 H, H-2), 7.69 (br d, J= 7.9 Hz, 1 H, 
H-60. 7.64 (br s, 1 H. H-20. 7.30 (m, 1 H, H-50. 7.30 (s, 1 H, 
H-5). 6.98 (br d, J= 7.7 Hz. 1 H, H-40. 3.17 (s. 6 H. CH 3 ), 2.35 
(s, 3 H, CH 3 ). Anal. (C, 6 H,7N 5 ) C, H, N. 

4-l(3-Methylphenyl)amino]-6-[[2-(4-morpholino)ethyl]- 
amino]pyrido[3,4-d]pyrimidine (9n): from 16 and l-(2- 
aminoethyl)morpholine (78%); mp 168-170 °C; l H NMR 
|(CD 3 ) 2 SO] (5 9.56 (s, 1 H. NH). 8.72 (s. i H, H-8), 8.34 (s. 1 H. 
H-2), 7.67 (br d. J= 8.0 Hz, 1 H, H-60. 7.64 (br s. 1 H, H-20. 
7.29 (t, J= 7.8 Hz, 1 H. H-50. 7.17 (s. 1 H. H-5). 6.97 (br d, J 
= 7.5 Hz. 1 H, H-40. 6.48 (q, J= 5.5 Hz. 1 H, NH). 3.60 (t, J 
= 4.6 Hz. 4 H, CHz). 3.31 (m, 2 H, CH 2 ). 2.60 (t. J= 6.7 Hz. 2 



H, CHz). 2.47 (br m, 4 H, CHz). 2.35 (s. 3 H. CH 3 ). Anal. 
(C 20 H 2 4N 6 O0.5 H 2 0) C. H, N. 

4- [(3-Me thylphenyl) amino] -6- [ [3 - (4-mo rpho I ino) pro- 
pyl] amino] pyrido [3,4 -cflpyrimidine (9o): from 16 and l-(3- 
aminopropyl)morpholine (81%); mp 200-203 °C; l H NMR 
[(CD 3 ) 2 SO) <5 9.57 (s, 1 H. NH), 8.71 (s, 1 H, H-8). 8.33 (s. 1 H, 
H-2), 7.67 (br d, J = 8.1 Hz. 1 H. H-60. 7.63 (br s, 1 H. H-20. 
7.28 (t, J= 7.8 Hz, 1 H, H-50. 7.10 (s, 1 H, H-5). 6.96 (br d, J 
= 7.4 Hz, 1 H, H-40. 6.79 (q. J = 5.6 Hz, 1 H, NH), 3.58 (t, J 
= 4.6 Hz, 4 H. CHz), 3.30 (q, J= 6.4 Hz, 2 H. CHz), 2,42 (t, J 
= 7.1 Hz, 2 H, CHz), 2.37 (br m. 4 H, CH 2 ), 2.35 (s, 3 H. CH 3 ). 

I. 80 (pentet, J= 6.9 Hz, 2 H. CHz). Anal. (C 2 iH 26 N 6 O0.5H 2 0) 
C. H. N. 

6-[[2-(4-Imidazolyl)ethyl]amino]-4-[(3-methylphenyl)- 
amino]pyrido[3,4-d]pyrimidine (9u): from 16 and 2-(imi- 
dazol-4-yl)ethylamine (70%); mp 207-209 °C; l H NMR [(CD 3 ) 2 - 
SO] d 11.85 (br, 1 H, NH). 9.58 (s, 1 H, NH), 8.72 (s, 1 H, H-8). 
8.34 (s, 1 H. H-2), 7.67 (br d, J= 8.1 Hz. 1 H, H-60. 7.63 (br 
s, 1 H, H-20. 7.56 (br s. 1 H. H-2"). 7.28 (t. J= 7.8 Hz. 1 H. 
H-50. 7.15 (s, 1 H, H-5), 6.96 (br d. J= 7.2 Hz. 1 H, H-40. 
6.90 (m, 1 H, NH), 6.78 (t, J= 5.0 Hz, 1 H. H-5"). 3.50 (dd, J 
= 7.2. 5.7 Hz, 2 H. CH 2 ). 2.88 (t. J= 6.8 Hz. 2 H, CH 2 ), 2.34 
(s. 3H, CH 3 ). Anal. (Ci 9 H, 9 Nr0.25H 2 O) C. H. N. 

4 - [(3-B ro mop he ny 1) amino] - 6 - [ (2-carboxy ethyl) amino] - 
pyrido [3,4 -cflpyrimidine (5z), General Example of Method 
B of Scheme 1. A mixture of 13 (0.20 g, 0.63 mmol) and 
sodium 2-aminopropanoate (3.4 g. 31 mmol, 50 equiv) (pre- 
pared from ^-alanine and Na in EtOH) in EtOH (50 mL) was 
heated at 95 °C for 48 h in a sealed pressure vessel. The 
solvent was removed under reduced pressure, the residue was 
dissolved in water and filtered to remove insolubles, and the 
filtrate was acidified (AcOH) to give 5z (0.11 g, 45%): mp 
(MeOH) 276-280 °C; l H NMR [(CD 3 ) 2 SO] <5 12.25 (br. 1 H, 
C0 2 H), 9.74 (s, 1 H, NH), 8.76 (s. 1 H, H-8), 8.41 (s, 1 H. H-2), 
8.20 (t, J = 1.9 Hz, 1 H, H-20, 7.90 (br d. J= 8.0 Hz. 1 H, 
H-60. 7.37 (t, J = 8.0 Hz, 1 H. H-50, 7.31 (br d, J= 8.0 Hz, 1 
H, H-40. 7.14 (s, 1 H, H-5). 6.80 (t. J= 5.5 Hz. 1 H. NH). 3.51 
(dd, J= 6.8, 5.7 Hz, 2 H. CHz). 2.63 (t, J= 7.0 Hz. 2 H. CH 2 ). 
Anal. (CeHuBrNsOz) C. H, N. 

The following compounds were prepared similarly. 

4- [(3-B romophenyl) amino] -6- [(carboxy me t hyl) amino] - 
pyrido[3,4-</|pyrimidine (5x): from 13 and the sodium salt 
of glycine (34%); mp (MeOH) 234-239 °C; l H NMR [(CD 3 ) 2 - 
SO] 6 12.54 (br, 1 H, C0 2 H), 9.76 (s, 1 H, NH). 8.77 (s, 1 H. 
H-8). 8.42 (s, 1 H. H-2). 8.20 (t, J= 1.9 Hz, 1 H, H-20. 7.90 (br 
d, J= 8.0 Hz, 1 H, H-60. 7.37 (t. J= 8.0 Hz, 1 H. H-50. 7.32 
(br d, J = 8.2 Hz, 1 H. H-40. 7.31 (s, 1 H, H-5), 7.01 (t. J= 6.0 
Hz, 1 H, NH), 4.05 (d. J= 5.9 Hz, 2 H, CH 2 ). Anal. (Ci 5 H 12 - 
BrN 5 O 2 -0.5H 2 O) C, H. N. 

4-[(3-Bromophenyl)amino]-6-[7V-(carboxymethyl)me- 
thyl amino] pyrido [3,4-cflpyrimidine (5y): from 13 and the 
sodium salt of 7V-methylglycine (79%); mp (MeOH) 225-227 
°C; 'H NMR [(CD 3 ) 2 SO] 6 12.59 (br, 1 H, C0 2 H), 9.77 (s. 1 H. 
NH), 8.82 (s. 1 H, H-8), 8.45 (s, 1 H, H-2), 8.19 (t. 7= 1.9 Hz, 
1 H, H-20. 7.92 (br d. J= 8.3 Hz, 1 H, H-60. 7.39 (t, J= 8.0 
Hz, 1 H, H-50. 7.35-7.32 (m, 2 H, H-5.40. 4.43 (s, 2 H, CH 2 ), 
3.20 (s, 3 H, CH 3 ). Anal. (CeHuBrNsOz) C, H. N. 

6- Amino-4- [(3-me thylphenyl) amino] pyrido [3,4-d] pyri- 
midine (9a). Reaction of 16 (0.254 g, 1 mmol) with 4-meth- 
oxybenzylamine (4.1 g, 30 mmol) in DMSO at 100 °C for 2 days 
gave crude 6-[(4-methoxyphenyl)amino]-4-[(3-methylphenyl)- 
amino]pyrido[3,4-dIpyrimidine (0.67 g): ! H NMR [(CD 3 ) 2 SO] 
d 9.54 (s, 1 H, NH). 8.72 (s, 1 H, H-8), 8.33 (s, 1 H, H-2). 7.66 
(br d, J= 8.1 Hz. 1 H. H-60. 7.62 (br s, 1 H. H-20. 7.34 (d, J 
= 8.6 Hz, 2 H, H-2",6'0, 7.29 (t. J= 7.7 Hz. 1 H, H-50. 7.25 (t, 
J= 6.4 Hz. 1 H. NH), 7.21 (s, 1 H, H-5), 6.96 (br d. J= 7.6 
Hz, 1 H, H-40. 6.88 (br d. J= 8.6 Hz, 2 H, H-3",5"), 4.49 (d, 
J= 6.2 Hz. 2 H. CHz). 3.71 (s, 3 H, OCH 3 ). 2.34 (s, 3 H. CH 3 ). 

Hydrolysis of the crude material with refluxing TFA for 1 
h and chromatography on alumina, eluting with CH 2 Cl 2 /MeOH 
(97:3). gave 9a (0.14 g. 56%): mp 235.5-237 °C; l H NMR 
l(CD 3 ) 2 SO] d 9.59 (s, 1 H. NH), 8.68 (s, 1 H. H-8). 8.33 (s. 1 H. 
H-2), 7.67 (br s. 1 H. H-20, 7.23 (m, 1 H, H-60, 7.26 (t. J= 8.0 
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Hz, 1 H. H-50. 7.18 (s, 1 H, H-5), 6.94 (br d. J= 7.5 Hz. 1 H. 
H-41. 6.24 (br s. 1 H. NH), 2.34 (s. 3 H, CH 3 ). Anal. (C,4H l3 N 5 ) 
C, H, N. 

4-[(3-BromophenyI)amino]-2-methyl-6-[[2-(4-niorpholi- 
no) ethyl] amino] pyrido [3,4- cflpyrimidine (10n), Scheme 
3). A solution of 13 (320 mg, 1 mmol) and nitromethane (0.28 
mL, 5 mmol) in DMSO (2 mL) was treated at 25 °C with DBU 
(0.45 mL, 3 mmol). The mixture was stirred at 25 °C under 
nitrogen for 24 h and then diluted with 15 mL of 5% aqueous 
HC1. The resulting suspension was stirred for 20 min, 
sonicated briefly to break up solids, filtered, and washed well 
with water and then a small amount of 2-propanol to give 4-[(3- 
bromophenyl)amino]-6-fluoro-2-methylpyrido[3,4-cy|pyrimi- 
dine hydrochloride (17) (307 mg, 84%): mp 230-240 °C dec; 
•H NMR [CD 3 ) 2 SO] 6 10.30 (br s. exchanges with D 2 0, 1 H, 
NH). 8.78 (s, 1 H, H-8), 8.26 (d. J= 1.7 Hz, 1 H, H-20. 8.20 (s. 

1 H. H-5). 7.91 (dt, J= 2.1. 1.9 Hz, 1 H, H-60, 7.43-7.36 (m, 

2 H. H-4',50. 5.14 (br s. exchanges with D 2 0, 1 H), 2.85 (s. 3 
H, CH 3 ); !9 F NMR 6 -74.0; CIMS /rate (relative intensity) 333 
(MH+ 100). 335 (78). Anal. (C,4H,oN 4 BrF-HCl) C, H. N. 

A solution of 17 (207 mg. 0.56 mmol) and 4-(2-aminoethyl)- 
morpholine (1.1 mL, 8.4 mmol) in DMSO (1.2 mL) was heated 
at 80 *C for 22 h. The DMSO was removed under reduced 
pressure, and the residue was dissolved in EtOAc and purified 
by flash chromatography on silica gel. eluting with EtOAc 
followed by a gradient (5%. 7.5%, and 10%) of MeOH in EtOAc. 
The residue from appropriate pooled fractions was dissolved 
in a minimal volume of hot EtOAc and treated with excess 
dry HC1 in 2-propanol to give lOn as the dihydrochloride salt 
(177 mg. 60%): mp >260 °C dec; »H NMR l(CD 3 ) 2 SO] 6 11.08 
(br s. exchanges D 2 0. 1 H). 10.98 (br s. exchanges D z O. 1 H), 
8.61 (s. 1 H. H-8). 8.25 (s, 1 H, H-20. 7.96 (d. J= 7.7 Hz, 1 H. 
H-6X 7.71 (s. 1 H. shifts to 7.49 with D 2 0 wash. H-5), 7.46- 
7.22 (m, overlapping with br exchangeable s, 3 H), 4.5 (br s, 
exchanges D z O, ca. 1.5 H). 3.99 (d. J= 1 1 Hz, 2 H). 3.85-3.78 
(m, 4 H), 3.55 (d. J= 11.8 Hz. 2 H), 3.36 (d. J= 4.8 Hz, 2 H), 
3.18 (q, J= 1 1 Hz, 2 H), 2.76 (s. 3 H. CH 3 ); CIMS /rate (relative 
intensity) 443 (MH + . 58), 445 (53). Anal. (C 20 H 23 N 6 OBr-2HCl) 
N. H. C: found, 45.9; calcd 46.5. 

Measurement of Aqueous Solubility. Stock solutions of 
drugs were made up in MeOH or DMSO and used to calibrate 
the HPLC (peak area in nanomoles, assuming a linear 
response). Accurately weighed amounts (to give approximately 
a 50 mM solution) were then sonicated for 30 min in 0.05 M 
sodium lactate buffer (neutral compounds, hydrochloride salts 
of amines) or in water (sodium salts of acids). After standing 
for an additional 30 min, the samples were centrifuged at 
1 3 000 rpm for 3 min, and the concentration of drug in the 
supernatant was determined by HPLC, using the calibration 
determined previously. 

Enzyme Assay. Epidermal growth factor receptor was 
prepared from human A431 carcinoma cell shed membrane 
vesicles by immunoaffinity chromatography as previously 
described, 31 and the assays were carried out as reported 
previously. 8 The substrate used was based on a portion of 
phospholipase CI, having the sequence Lys-His-Lys-Lys-Leu- 
Ala-Glu-Gly-Ser-Ala-Tyr472-Glu-Glu-Val. The reaction was 
allowed to proceed for 10 min at room temperature and then 
was stopped by the addition of 2 mL of 75 mM phosphoric acid. 
The solution was then passed through a 2.5-cm phosphocel- 
lulose disk which bound the peptide. This filter was washed 
with 75 mM phosphoric acid (5x), and incorporated label was 
assessed by scintillation counting in an aqueous fluor. Control 
activity (no drug) gave a count of approximately 100 000 cpm. 
At least two independent dose- response curves were done and 
the IC50 values computed. The reported values are averages; 
variation was generally ±15%. 

EGFR Autophosphorylation in A431 Human Epider- 
moid Carcinoma Cells. Cells were grown to confluence in 
6-well plates (35-mm diameter) and exposed to serum-free 
medium for 18 h. The cells were treated with compound for 2 
h and then with 100 ng/mL EGF for 5 min. The monolayers 
were lysed in 0.2 mL of boiling Laemmli buffer (2% sodium 
dodecyl sulfate. 5% /J-mercaptoethanol, 10% glycerol, and 50 
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mM Tris. pH 6.8), and the lysates were heated to 100 *C for 5 
min. Proteins in the lysate were separated by polyacrylamide 
gel electrophoresis and electrophoretically transferred to 
nitrocellulose. The membrane was washed once in a mixture 
of 10 mM Tris, pH 7.2, 150 mM NaCI, and 0.01% azide (TNA) 
and blocked overnight in TNA containing 5% bovine serum 
albumin and 1% ovalbumin. The membrane was blotted for 
2 h with anti-phosphotyrosine antibody (UBI, 1 ^g/mL in 
blocking buffer) and then washed twice in TNA, once in TNA 
containing 0.05% Tween-20 and 0.05% nonidet P-40, and twice 
in TNA. The membranes were then incubated for 2 h in 
blocking buffer containing 0.1 Ci/mL ( 125 ]Iprotein A and then 
washed again as above. After the blots were dry they were 
loaded into a film cassette and exposed to X-AR X-ray film for 
1—7 days. Band intensities were determined with a Molecular 
Dynamics laser densitometer. 

In Vivo Chemotherapy. Immune-deficient mice were 
housed in microisolator cages within a barrier facility on a 12-h 
light/dark cycle and received food and water ad libitum. 
Animal housing was in accord with AAALAC guidelines. All 
experimental protocols involving animals were approved by 
the Institutional Animal Care and Use Committee. The A431 
epidermoid carcinoma, NIH 3T3 fibroblast transfected with 
the human EGF receptor (EGFR), estrogen-dependent MCF-7 
breast, and SK-OV-3 ovarian were maintained by serial 
passage in nude mice (NCr nu/nu). Nude mice were also used 
as tumor hosts for anticancer agent evaluations against these 
tumor models. 

In each experiment for anticancer activity evaluation, test 
mice weighing 18-22 g were randomized and implanted with 
tumor fragments in the region of the right axilla on day 0. 
Animals were treated with test compounds on the basis of 
average cage weight (6 mice/dose group) on the days indicated 
in the tables. In every experiment, each test compound was 
evaluated over a range of dose levels ranging from toxic to 
ineffective. The doses reported in Table 4 are the maximum 
doses that could be administered without exceeding 10% 
compound- induced mortality. This dose level, the maximum 
tolerated dose, allows comparisons to be made among the 
tested compounds at an equitoxic dose level. The vehicle for 
5b was 6% dimethylacetamide and 94% 50 mM sodium lactate 
buffer, pH 4.0 (suspension). Compounds 5h,k,n and 9b were 
administered as isethionate salts in water. Compound dosing 
solutions were prepared for 5 days at a time. Host body weight 
change data are reported as the maximum treatment-related 
weight loss in these studies. Calculation of tumor growth 
inhibition (% T/C), tumor growth delay (T-C), and net logs of 
tumor cell kill was performed as described previously. 32 * 35 A 
positive net cell kill indicates that the tumor burden at the 
end of therapy was less than at the beginning of therapy. A 
negative net log cell kill indicates that the tumor grew during 
treatment. Net cell kills near 0 indicate no tumor growth 
during therapy. 
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Background: Purines constitute a structural class of protein ligands involved in 
mediating an astonishing array of metabolic processes and signal pathways in 
all living organisms. Synthesis of purine derivatives targeting specific purine- 
binding proteins in vivo could lead to versatile lead compounds for use as 
biological probes or drug candidates. 

Results: We synthesized several libraries of 2,6,9-trisubstituted purines using 
both solution- and solid-phase chemistry, and screened the compounds for 
inhibition of cyclin-dependent kinase (CDK) activity and human leukemic cell 
growth. Lead compounds were optimized by iterative synthesis based on 
structure-activity relationships (SARs), as well as analysis of several 
CDK-inhibhor cocrystal structures, to afford several interesting compounds 
including one of the most potent CDK inhibitors known to date. Unexpectedly, 
some compounds with similar CDK inhibitory activity arrested cellular 
proliferation at distinctly different phases of the cell cycle, and another inhibitor 
directly induced apoptosis, bypassing cell-cycle arrest Some of these 
compounds selectively inhibited growth of cells derived from specific tumors. 

Conclusions: 2,6,9-Trisubstituted purines have various and potent biological 
activities, despite high concentrations of competing endogenous purine ligands 
in living cells. Purine libraries constitute a versatile source of small molecules 
that affect distinct biochemical pathways mediating different cellular functions. 
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Introduction 

Purines arc ubiquitous molecules that exist at relatively 
high (miltimolar) concentrations in living organisms. 
Guanine and adenine, two of the most common purines, 
are essential components of nucleic acids, cofactors and 
signaling molecules that modulate protein function. 
Indeed, more than 10% of the proteins encoded by the 
yeast genome evidently depend on a p urine-containing 
Hgand for their function (see the database search at http:// 
www.quest7.proteomexom) [1]. These include kinases, 
DNA (or RNA) polymerases, ATPases, GTPases, purine 
receptors, and purine biosynthetic and metabolic enzymes. 
For this reason, diverse purine libraries might be expected 
to have a high probability of yielding bioactivc compounds 
when screened in a variety of enzyme- and cell-based 
assays. It seemed likely that structural variation at the 2, 6, 
8 and 9 positions might impart specificity towards a variety 
of target proteins. This possibility prompted us to explore 
purine libraries as a source of both drug leads and probes 
for analyzing complex cellular processes. 

We chose first to screen our purine libraries for inhibitors 
of the cyclin-dependent kinases (CDKs) because CDKs 



have recently attracted considerable interest in light of 
their essential role in regulating the cell cycle. The 
CDKs are in turn regulated by a variety of intracellular 
signals including the binding of inhibitory factors, phos- 
phorylation and cellular localization. Previously, a 
number of purines, as well as nonpurine compounds, 
such as olomoucine and staurosporine have been devel- 
oped as CDK inhibitors, but they suffer from potency or 
selectivity problems, respectively (Figure 1). For 
example, purine analogs such as olomoucine and roscovi- 
tine have been shown to selectively inhibit a subset of 
the CDKs (olomoucine has an IC^ value of 7 \ihi against 
both CDK1 and CDK2 (2], and roscovkine has IC^ 
values of 0.65 and 0.7 jxM against CDK1 and CDK2 [3]). 
A 2.4 A resolution X-ray crystal structure of olomoucine 
bound to CDK2 revealed that the purine ring occupies 
the conserved ATP-binding pocket [4J. Unexpectedly, 
however, the purine ring of olomoucine is rotated nearly 
180° with respect to that of ATP. Although the interac- 
tions between the amino-acid residues in the binding site 
are different for olomoucine and ATP, the amount of 
solvent-accessible surface that becomes buried is similar 
for the two ligands. 
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Figure 1 
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Structures of olomoucine, roscovttine, flavopiridol and staurosporine. 



Although CDK1 and CDK2 serve difTerent functions in 
controlling cell-cycle progression [5], the binding affinities 
of synthetic inhibitors [3] and the structures of their 
ATP-binding pockets are nearly identical, on the basis of 
ami no-acid sequence [5 J. Starting with the CDK2-olo- 
moucine model, our goal is to use combinatorial chemistry 
to generate selective high-affinity inhibitors for CDK1 and 
CDK2, as well as other key cellular kinases, by introducing 
substituents at the 2, 6 and 9 positions of the purine ring. 
We and others previously reported several strategies for 
the solution- or solid-phase synthesis of purine derivatives 
[6-11], and have assayed these compounds against CDKs 
to determine structure-activity relationships (SARs). Our 
previous solid-phase synthesis scheme required that one 
position of the purine ring be held invariant to allow 
attachment to the solid support (Figure 2). Two positions 
were then varied combinatorially in order to identify 
optimal substituents in a pairwise fashion. In general, the 
effects of substituents at the 2, 6 and 9 positions on 
binding affinity appear to be additive, allowing one to 
rapidly identify potent purines by combining optimal sub- 
stituents identified from simple binary libraries. 

We describe new solid- and solution-phase syntheses of 
2,6,9-trisubstituted purine libraries that can be used to 
combine rapidly and efficiently those substituents identi- 
fied in the primary screens to afford second-generation 
libraries. Several specific and highly potent CDK2/CDK1 

Figure 2 



inhibitors have been identified from these libraries. In 
addition we characterized the cell-cycle inhibitory activi- 
ties of a number of highly potent CDK inhibitors and 
found that some compounds arrested cellular proliferation 
at distinctly different phases of the cell cycle. 

Results and discussion 
Solid-phase synthesis 

We used the crystal structures of various CDK2-ligand 
complexes to design the initial binary libraries with 
respect to the steric and electronic properties of the sub- 
stituents to be introduced at the 2, 6 and 9 positions. A 
comparative analysis of the binding mode of olomoucine, 
flavopiridol [12] and staurosporine [13] in the ATP- 
binding pocket of CDK2 provided important information 
about functional groups that could be accommodated. For 
example, comparison of the bound purines and flavopiri- 
dol/staurosporinc revealed that substituents at the 2 or 9 
position of the purine ring might be able to occupy the 
same region of the active site as does the Af-methyl 
piperidyl ring of flavopiridol (Figure 3c). 

Synthesis and assays of the binary libraries against CDK2 
indicated that aniline and 3- and 4-substituted benzylamine 
substituents led to significant improvements when intro- 
duced at the 6 position of the purine ring. Although a variety 
of hydroxyalkylamino, dihydroxyalkylamino and cycloalky- 
lamino substituents at the 2 position resulted in moderate 
improvements, greater improvements were achieved with 
amino alcohols derived from valine and isoleucine. In con- 
trast to many other protein kinases that can accommodate 
larger substituents at the 9 position of the purine ring, 
CDK2 binding was strongest for those purines bearing iso- 
propyl functionality, followed by ethyl or hydroxyethyl [6]. 

Our previous synthetic routes involved tethering the purine 
core to the solid support through either a glycinamido, a 
4-aminobcnzyl amino or a 2-hydroxyethyl group at the 2, 6 
and 9 positions, respectively. The drawback of these 
approaches is that one potential combinatorial site is lost. 
To circumvent this limitation a new solid-phase strategy 
and a versatile solution-phase route were developed. The 
solid-phase synthesis allows the introduction of substituents 
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Figure 3 



Purvalanoi B bound to C0K2 (black sticks, 
principal conformation only) is compared with 
(a) bound olomoucine (white sticks) and . 
bound roscovitine (orange sticks), (b) bound 
ATP (yellow sticks), (c) bound flavopiridol 
(green sticks) and (d) bound staurosporine 
(purple sticks). The comparisons are based on 
superposition of the C a atoms of COK2. The 
ligands are shown in ball-and-stick 
representation with carbon atoms in white, 
nitrogen atoms in blue, oxygen atoms in red, 
phosphorous atoms in violet and the chlorine 
atoms of purvalanoi 6 in green. 
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at the 2, 6 and 9 positions by immobilizing the purine 
through the N6 amino group. This is accomplished by 
starting with a library of resin-bound amines obtained from 
the reductive amination of a 5-(4-formyl-3,5-dimethoxy- 
phenyloxy)valeric acid (BAL)-derivatized solid support 
with a collection of primary amines. By treating the resin- 
bound amines with a purine activated for substitution at 



the 6 position, combinatorial modification at the 6 position 
is achieved. Modification of the N9 and C2 positions is 
then accomplished using Mitsunobu and amination chem- 
istry as described previously (Figure 4) [7]. 

The synthetic scheme outlined above required that the 
elecuophilicity of the purine ring be increased so that the 
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Figure 4 



^ H 




N^1. Amination 


H R 2 


CI 

N ^V-N 4. Cleavage 

it JL > 

3. Arrtnation/ y 2. Mitsunobu 
/ \ alkyiation 






Rz-OH 


Chemistry & Biology 
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first animation reaction at the 6 position of the purine could 
be performed with weakly nucleophilic and a-branched 
amines. In order to facilitate the ability of a secondary 
amine to displace the 6-chIoro group, we acylated the N9 
position, which is expected to increase the overall elec- 
trophilicity of the purine ring. Unfortunately, the resulting 
activated amido group is more susceptible to nucleophilic 
attack than the 6-chloro group in the subsequent amination 
reaction. Another group that activates the 6 position of the 
purine ring without itself being susceptible to nucleophilic 
displacement is a N9-substituted tetrahydropyranyl (THP) 
aminal. Unfortunately, the acid lability of most commer- 
cially available solid supports made it difficult to cleave the 
THP group selectively without the concomitant release of 
the purine core. We therefore turned our attention to an 
N9-trimethylsilylethoxymethyl (SEM) activating group 

Figure 5 . 



that is stable to amino nucleophiles and can be cleaved 
using fluoride under nonacidic conditions. The N9-SEM-2- 
fluoro-6-chloro purine 1 (Figure 5) was prepared (in 50% 
yield) by alkylation of 2-fluoro-6-chloropurine [7], with 
SEM-C1 in the presence of Hunig*s base. This substitution 
significantly increased the reactivity of the ring system to 
amination, allowing an amination reaction with benzy- 
lamine to proceed at room temperature (which had previ- 
ously required extended heating at 50°C). 

The optimized scheme starts with the reductive amination 
of BAL-derivatized 4-methylbenzhydrylamine (MBHA) 
resin to give resin bound amine, R2 [7]. A variety of amines 
including alkylamines, benzylamines and anilines were 
used in this first step. The purine core is then loaded onto 
solid support by reacting 2 equivalents of 1 with the aminc- 
derivatized solid support R2 at 50°C to give R3. The 
removal of the SEM protecting group was performed using 
0.25 M tetrabutylammonium fluoride in THF at 60°C. The 
deprotected purine was then reacted with various alcohols 
and amines at the 9 and 2 positions using Mitsunobu and 
nucleophilic-substitution chemistry respectively, as is 
shown for 2-(3-hydroxypropylamino)-6-(4-mcthoxybenzyl- 
amino)-9-isopropylpurine (209; Figure 5). 

Although we have used this solid-phase chemistry to 
prepare a variety of 2,6,9-trisubstituted purines, there are 
two limitations to this approach. First, secondary amines 
cannot be introduced at the 6 position because one nitro- 
gen substituent is required to attach the amine to solid 
support. More significantly, amination at the 2 position 
with bulky groups proceeded in low yield, perhaps due to 



Representative scheme for solid-phase 
chemistry. (I) SEM-CI (1.2 eq), DIEA, OMF, 
0°C -> rt. (ii) p-methoxybenzyiamino, 
NaBH(OAc)3, AcOH (2%), DMF, rt (Hi) DIEA, 
nBuOH-DMSO (1 :1) 60°C. (iv) TBAF 
(0.25 M), THF, 60*C. (v) iPrOH (0.5 M), OIAD 
(0.5 M), PPha (1 .0 M), THF-CHaCL, (1:1). 
(vi) 3-amino-1 -propanol, DIEA, N-methyl- 
pyrrolidinone, 1 10°C (viO TFA-water (95:5), rt 
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the decreased reactivity of purines attached to solid 
support To overcome these limitations, we developed two 
versatile solution-phase synthetic routes to diverse trisub- 
stituted purines. 

Solution-phase synthesis 

In route I (Figure 6), 2-amino-6-chloropurine was func- 
tionalized sequentially at the 9, 2 and 6 positions. Sub- 
stituents at N9 were introduced by regioselective 
alkylation with a primary or secondary alcohol under Mit- 
sunobu conditions [14]. In order to render the 2 position 
sufficiently acidic to undergo Mitsunobu alkylation, it was 
first acylated with trifluoroacetic anhydride. The trifluo- 
roacetyl group is conveniently removed by hydrolysis with 
aqueous potassium carbonate prior to purification of the 
alkylated product by chromatography. Finally, a variety of 
primary and secondary benzylamines or anilines are intro- 
duced at the 6 position by reacting 3 with 1-2 equivalents 
of amine in ff-butanol at elevated temperatures (Figure 7) 
(primary amines require 60*C whereas secondary amines 
and anilines require 1 1G-120°C) . 



In route II (Figure 6), 2-fluoro-6-chloropurine was func- 
tionalized sequentially at the 9, 6 and 2 positions. As 
before, substituents at N9 position were introduced by 
Mitsunobu alkylation with either primary or secondary 
alcohols. This alkylation reaction tolerates virtually any 
alcohol without additional acidic hydrogens (pKa < 10-12). 
The more electrophilic 6-chloro substituent was selec- 
tively substituted with one equivalent of a benzylamine or 
aniline in analogy to route I. The resulting 2-fluoro- 
6,9-disubstituted purines were purified either by chro- 
matography on silica or if solubility permitted, by 
trituration with dichloromethane and 0.1 N aqueous 
hydrochloric acid. Finally, the 2-fluoro position was ami- 
nated using an excess of primary or secondary amines in a 
small volume of //-butanol typically in a sealed tube 
(Figure 8). Representative procedures for two members of 
a purine library, 42 (synthesized by route I) and 60 (syn- 
thesized by route II), are shown in Figure 7 and 8. 

CDK1/Cyclin B Inhibition assay 

Due to the limited information available concerning the 
N9 position SARs, we prepared a library to focus on this 
site. Libraries of 2-fluoro-6-(4-aminobenzylamino)-9- 
alkylpurines were synthesized using a 4-aminobenzyl- 
amino linkage strategy on resin-derivatized pins (Figure 2) 
[7J. In order to allow direct comparison of the efficacy of a 
range of substituents at the N9 position, a portion of the 
library was cleaved prior to amination at the 2 position. As 
can be seen from the assay results, optimal CDK2 
inhibitory activity is observed for small alkyl groups with 
isopropyl exhibiting enhanced activity relative to ethyl, 
methyl and cyclopentyl (Figure 9). A similar result was 
obtained with another series of purines substituted with 
(2£)-pyrrolidin-2-yl-methanol at the C2 position [15]. 

To further enhance the GDK affinity of purine derivatives 
identified in previous screens of first-generation purine 
libraries, the synthetic methods described above were iter- 
atively applied to the 2, 6 and 9 positions, and compounds 
were tested for activity against starfish oocyte CDKl/cyclin 
B [3]. Based on the improved activities of a 9 position iso- 
propyl over methyl, and aniline over the benzyl group of 
olomoucine, we first derivatized the 9 position with an iso- 
propyl substituent and tested various aniline substituents 
at the 6 position (Figure 10). Among the 2,3,4-substituted 
anilines, the 3-chloroaniline derivative 52 is the best CDK 



Figure 7 



Representative scheme I for solution chemistry. 
(0 iPrOH (2.0 eq) f DEAD (1 .1 eq) t PPh 3 
(2.0 eoJJHF, -10 -> 25°C. 00 (CF 3 CO) 2 0, 
CH 2 d 2 , 0 -* 25'C. Oil) TBDMSOCH 2 CH 2 OH 
(2.0 eq), DEAD (1.0 eq), PPh 3 (2.0 eq), THF, 
O -> 25°C. Then KjCO,, MeOH. 0v) aniline 
(4.0 eq), DIEA, nBuOH, 1 1 0°C. Then AcOH- 
H 2 OTHF (3:1:1). 
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Representative scheme for solution chemistry II. (i) iPrOH (1 .2 eq), 
DEAD (1 .3 eq). PPhj (1 .3 eq), THF - 1 0 -> 25°C. <il) 3nM>roaniline 
(1 .0 eq), DIEA, nBuOH, 1 40°C. (HI) (f?)-(-)-2-amino-3-methyl- 1 -butanol 
(1 .5 eq), DIEA, nBuOH. 1 50-1 70°C in sealed tube, (iv) Mel (2 eq), 
NaH, DMF, rt (v) Boc 2 0, DIEA, DMAP, THF, rt (vO (/?)-<-)-2-amino- 
3-methyl-1 -butanol (1.2 eq), DIEA, DMSO, 70-80°C. (vii) TBDMS-O, 
imidazole, DMAP, THF, rt. (vlU) BnBr, Bu 4 N1, NaH, DMF. Then pTSA, 
Me0KCH a O 2 .rt 



inhibitor, showing a 30-fold improvement over olo- 
moucine (with an IC^ value of 220 nM). The 3-bromo, 
fluoro and trifluoromethyl groups exhibited comparable 



activities, whereas the same 2-substituted purines are 
tenfold less active. 

Next, we explored variations at the 2 position with the 6 
position derivatized with either 4-methoxybenzylamine, 
the best among the benzyl substituents or 3-chloroaniline, 
chosen from the first-round solution-phase synthesis 
(Figure 11). Many compounds that have moderate activity 
(100-1000 nM) were found in this series. In general, we 
observed a preference for hydroxyalkyl or dihydroxyalky] 
groups at the 2 position. An eightfold improvement in the 
IG 50 value, however, was obtained by replacing the 2 posi- 
tion hydroxyethylamino (52) with £-valinol attached via 
the a-amino group (60, named purvalanol A). In agree- 
ment with other reports [3], compounds with the £-stereo- 
chemistry were 2-16-fold more potent than those with the 
^-stereochemistry (75 versus 76, 60 versus 58, 66 versus 59 
and 68 versus 69). Although most of the cyclic secondary 
amines were in general not preferred at 2 position, 
2-hydroxyethylpiperidyl (10) improved the inhibitory 
activity threefold over hydroxyethyl (118). 

In the third round, we fixed the 2 position with the 
#-valinol substituent, and refocused attention to the 
6 position with a variety of benzylamine and aniline 
groups (Figure 12). This resulted in a set of the most 
active small-molecule CDK inhibitors known to date. The 
halogens on the 3 and 4 positions significantly improved 
the activity, and both the activity and solubility were 
enhanced with an additional carboxylate or amino group. 

In parallel with the third round, we also fixed the 2 posi- 
tion with 2-(2-hydroxyethyl)piperidyl substituent and 
derivatized the 6 position with various benzylamine and 
aniline substituents (Figure 13). Simple aniline (220) or 
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Figure 10 

SAR class 1 . Various C6-substituents on a 
2-(2^ydroxyethyIamino)-9^propylpunne core. 
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bcnzylaminc (212) substituents proved to be slightly 
better than 4-methoxybenzylamine (10). Although 4-sub- 
stituted benzylamine was tolerated (216), 3-substituted 
benzylamine (113, 222) decreased the activity signifi- 
cantly. Linear alkyl substituents (219), bulky substituents 
(225, 226, 227) and substituted anilines (359, 306) also 
decreased the activity. 

During these rounds of optimization, we relied on the 
approximate additivity of substituents. The observed addi- 
tivity allowed us to more efficiently assess greater numbers 
of substituents at a single site, thereby enhancing our 
ability to explore each of the binding sites without having 
to make all combinatorial possibilities. In this format, eval- 
uation of 10 substituents at each site requires three sets of 
10 compounds rather than one set of 1000. The simplest 
explanation for the observed additivity is that the rigid 
purine scaffold prevents substituents at the 2, 6 and 9 posi- 
tions from binding in overlapping regions of the active site. 

One of our most potent inhibitors, purvalanol B (95; 
Figure 12), was cocrystalized with CDK2 (Figure 14) [16], 
and the structure was compared with the structures of 
CDK2-flavopiridol, CDK2-staurosporine and CDK2- 
ATP (Figure 3), Purvalanol B occupied 86% of the avail- 
able space in the binding pocket of CDK2, whereas 
flavopiridol occupied 74%, ATP occupied 78% and olo- 
moucine occupied 76%. 

Another of the most potent inhibitors, aminopurvalanol (97; 
Figure 12) was tested for its activity against a variety of 
kinases (Table 1). As expected, aminopurvalanol had 
almost the same activity against CDK1 as CDK2, with ICjo 
values ranging from 28-33 nM. Among the enzymes tested, 
only CDK5/p35 was inhibited to the same extent as CDK1/ 
CDK2, whereas other kinases exhibited much weaker inhi- 
bition by 97. The high degree of specificity observed for 97 
is similar to that observed for purvalanol A and B [16]. 

The crystal structures of CDK2 with purvalanol B, ATP, 
flavopiridol or staurosporinc suggested that additional con- 
tacts could be introduced by appending an extra group at 



the N2 position of purvalanol B (Figure 14). We therefore 
attempted to synthesize N2-disubstituted derivatives of 60 
by ami nation of 2-fluoro-6-(3-chloroanilino)-9-isopropyl- 
purine (5) with iV-alkyl valinol derivatives. Several A/-alkyl 
valinol derivatives were synthesized by reductive alkyiation 
of valinol with a variety of alkyl, aromatic and heteroaro- 
matic aldehydes using sodium triacetoxyborohydride in 
1,2-dichloroethane. Unfortunately, these branched sec- 
ondary amines could not be installed at the 2 position, pre- 
sumably due to their steric bulkiness. Attempts to activate 
the 2-fluoro group by introducing an electron withdrawing 
A?tf-butoxycarbonyl (Boc) group at the 6-position also failed 
to promote nucleophilic substitution. Finally, the O-silyl 
and 6-N-Boc protected derivative, 9, was successfully alky- 
lated using sodium hydride, alkyl halide and tetrabutylam- 
monium iodide in dimethylformamide (Figure 8). The 
desired compounds were obtained by removing the protect- 
ing groups and tested against CDKl/cyclin B. Unexpect- 
edly, this class of compounds showed substantially reduced 
activity (with an IC S0 value between 5 and lOfiM; Figure 
15). This is not simply a consequence of disubstitution at 
the 2 position because 2-bishydroxyethyl derivatives such 
as 16, 26, 211, 303, 304 and 305 (IC^ 220-350 nM) show 
comparable activity to their parent hydroxycthyl derivatives 
118 (IGfl 700 nM), and 52 (IG^ 220 nM; Figure 11). 
Potentially the combination of the sterically hindered 
tf-valinol with additional substitution at the 2 position may 
prevent the inhibitors from accessing a productive binding 
conformation. Alternatively, the hydrophobic Af-alkyl 
valinol derivatives that we introduced at the 2 position 
might have been poorly suited to the binding site. 

For many of the biological applications described in the 
next section, we wanted access to a collection of negative 
control compounds that were structurally very similar to 
our potent inhibitors but lacked CDK inhibitory activity. 
We could then use these inactive derivatives to test if an 
observed in vivo effect is correlated with in vitro CDK 
activity. From the cocrystal structure of purvalanol B with 
CDK2 it was apparent that addition of a methyl group to 
N6 should lead to significantly reduced CDK inhibitory 
activity due to steric hindrance and the loss of a hydrogen 
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Figure 11 
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bond to Lcu83 (Figure 14). We synthesized No-methy- 
lated derivatives of four of our most potent CDK 
inhibitors (52, 60, 97 and 212; Figure 8). As expected, 
these compounds (52Me, 60Me, 97Mc and 212Mc) arc 
completely inactive as CDKl/cyclin B inhibitors in vitro. 

Cellular effects and cell cycle studies 

We investigated the biological activity of the most potent 
CDK inhibitors from each SAR class by testing their ability 



to inhibit growth of U937 human leukemic cells. Cell pop- 
ulations were treated with the various compounds, and 
then assayed for the percentage decrease in the number of 
viable cells, using the 3-(4,5-dimcthylthiazole-2-yl)-2,5- 
d i phenyl -2 H-tetrazolium bromide (MTT) assay [17]. The 
most potent CDK inhibitors in SAR classes 2 and 3 
(Figures 1 1 and 12), compounds 60 and 97, were also found 
to be active inhibitors of cell growth (with IC^ values of 
7.5 and 5 JAM, respectively). The significant increase in the 
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Rgure 12 

SAR class 3. Various C6~substituents on a 
2«( 1 Risopropyl-2-hydroxyethylamino)- 
9-isopropylpurine core. 
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cell-based IC^ values relative to the in vitro IC 50 values is 
presumably a result of competition with high concentra- 
tions of intracellular ATP (estimated to be in the millimo- 
lar range). Indeed when the kinase assay concentration of 
ATP was increased from 15 u,M to 1.5 iruM, the IC 50 value 
for compound 60 increased (as expected) from 4 nM to 
500 nM [16]. Compounds 94 and 95 were equally active in 
the kinase assay but inactive in vivo, probably due to the 
decreased cell permeability resulting from the negatively 
charged carboxylate group. From SAR class 4 (Figure 13), 
212 is both a potent inhibitor of CDK activity and of cell 
growth (IC S0 - 2.5 jiM). 

To study the specific effects of different purine derivatives 
on cell-cycle progression, unsynchronized proliferating 
U937 cells were treated with compounds 60, 97, 212 and 52. 
Treated cells were then subjected to cell-cycle analysis 
using flow cytometry and to morphological analysis using 
fluorescence microscopy. For flow cytometry, unsynchro- 
nized cell populations were labeled with propidium iodide 
(PI), a fluorescent DNA intercalator, and for the TUNEL 
assay, with a marker of DNA fragmentation that is charac- 
teristic of apoptosis. For morphological analysis, cells were 
labeled with Hoescht 33258, a DNA-specific dye, and with 
an antitubulin antibody that could be visualized using a 
FITC-conjugated secondary antibody. Using dose-response 
and time-course assays, differences in the effects of the 
compounds due to variations in compound permeability or 
the kinetics of the cellular response were investigated. 

Figure 13 

SAR class 4. Various C6-substituents on a 
2*(2^ydroxyethytpiperkiyl)-9-isopropyipurine 
core. 



Initially, U937 cell populations were examined after treat- 
ment with 97 or 60, the most potent and bioactivc CDK 
inhibitors. By flow cytometry, treatment of cells with 97 or 
60 at doses lower than 10 }lM specifically arrested cells in 
the G2-M phase of the cell cycle, based on the accumula- 
tion of cells with a 4 N DNA content, and the absence of 
DNA fragmentation (Figure 16). At higher concentrations 
(> 20 p,M), however, both 97 and 60 triggered apoptosis 
after 8 h treatments, as detected with the TUNEL assay 
and confirmed by the appearance of nucleosome-sized 
DNA ladders as assessed by electophoresis (data not 
shown). The only apparent difference between the effects 
conferred by 60 or 97 to proliferating U937 cells related to 
their specific activity: 97 was four times more active than 
60 in inducing a G2-M cell-cycle arrest (with IC^ values 
of 1.25 uM and 5 p,M, respectively). The effect of 97 and 
60 on microtubule architecture and on chromatin conden- 
sation were consistent with G2 cell-cycle arrest, based on 
the low percentage of mitotic cells (< 5%) seen in the 
treated populations. Because entry into mitosis depends 
on CDK1/CDK2 activity [18], inhibition of the G2-M 
phase transition was the expected result, based on the 
high activity of the compounds against CDK in vitro. 
Indeed, cells treated with either compound displayed 
fibrous microtubule organization, decondenscd chromatin 
and intact nuclear architecture characteristic of interphase 
cells. Nevertheless, consistent with centrosome duplica- 
tion occurring independently of CDK1 activity [19], a sig- 
nificant fraction of cells possessed two distinct 
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Figure 14 




Binding site structure of COK2-95 
(purvalanol B). * 



microtubule arrays nucleated by discernible microtubule- 
organizing centers (Figure 17). In the presence of 97, 
these duplicated microtubule-organizing centers nucle- 
ated long microtubules characteristic of interphase cells. 
In the presence of 60, some of the microtubule arrays 
appeared shorter and more polarized, reminiscent of half 
spindles without attached chromosomes. Based on these 
results, the effects of compounds 60 and 97 on proliferat- 
ing U937 cells appeared consistent with their specific 
CDK1/CDK2 inhibitory activity. 

The CDK inhibitory activity of compounds 60 and 97 
was significantly different from that of 52, the most 



Table 1 



Inhibition of purified kinases by aminopurvalanol (97). 


Kinase 


IC W (uM) 


COK1/cyclinB 


0.033 


COK2/cyclinA 


0.033 


COK2/cycUnE 


0.028 


CDK5/D35 


0.020 


Erk1 


12.0 


Erk2 


3.1 


c-Raf 


>100 


MAPKK 


>100 


PKOa 


>100 


PKC-pi 


>100 


PKOp2 


>100 


PKOy 


>100 


PKC-6 


36.0 


PKOe 


>100 


PKC-n 


>100 


PKCK 


>10O 


PKA 


18.0 


PKG 


>100 


Casein kinase 1 


3.0 


Casein kinase 2 


>100 


Insulin receptor Tyr-K 


4.4 



potent CDK1 inhibitor from SAR class 1 (Figure 10). By 
flow cytometry, 52 affected cell-cycle progression at con- 
centrations of 25 uM or greater. Unlike cells treated with 
60 or 97, however, cells treated with a comparable con- 
centration of 52 did not become apoptotic (Figure I6b) 
and did not exhibit the characteristic accumulation of 
cells with a 4 N DNA content indicative of a G2 arrest. 
Instead, 52-trcatcd cell populations displayed a repro- 
ducible depletion of the late-S/early-G2 cell population 
(Figure 16a). Morphologically, more than 20% of the cell 
population treated with 52 had bipolar microtubule spin- 
dles and condensed chromosomes, compared with less 
than 5% in control cell populations. This indicates that 
treatment of U937 cells with 52 causes arrest at mitosis. 
Interestingly, all of the 52-arrcsted, mitotic cells were in 
metaphase, as judged by the presence of two centro- 
somes, which nucleated polarized microtubules that were 
oriented towards each other, and fully condensed chro- 
mosomes aligned at the equator. Given the structural 
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Figure 16 



Flow cytometric analysis of (a) cell-cycle 
distribution and (b) apoptosis in U937 ceP 
populations treated with different COK 
inhibitors and their inactive, N6-methylated 
analogs. For each experiment, cells were 
treated for 0, 2, 4, 6 or 8 h, with increasing 
concentrations of compounds. Plots represent 
the most specific effect of each compound, as 
determined with the dose-response and time- 
course assays. For all the experiments, cells 
were co-labeled with Pt, to stain the DNA, and 
with the TUNEL assay, to incorporate FTTO 
labeled nucleotides onto the ends of DNA 
fragments resulting from the apoptotic 
process, (a) Plots showing the distribution of 
cells with different DNA contents, after 8 h 
treatment with 5 \iM 97 or 97Me, 10 uM 60 
or 60Me v 50 52 or 52Me or 5 nM 21 2 or 
212Me. Bars indicate approximate DNA 
contents of cells with a 2N (D), intermediate 
(E) and 4N (F) DNA content, characteristic of 
cells in G1, S or G2-M phases of the cell 
cycle, respectively. DNA distribution of 
untreated cell populations are similar to those 
treated with the inactive, N6*methytated 
derivatives, (b) Bivariate plots of RTC versus 
PI staining of the same cell populations as in 
(a). Note that 21 2 is the only compound that 
nonspecificaily induces apoptosis throughout 
the celt cycle without changing the cell-cycle 
distribution of the treated cell population. 
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similarity between compounds 52 and 60, we were sur- 
prised by their different effects on cells. 

The effect of 212, one of the most potent CDK inhibitors 
from SAR class 4 (Figure 13), on proliferating U937 cell 
populations was also different from that of 52, 60 or 97. 
Flow cytometric analysis revealed that compound 212 was 
a nonspecific inducer of apoptosis at concentrations as 
low as 5 \\M: it triggered DNA fragmentation at all phases 
of the cell cycle, without affecting cell-cycle progression 
(Figure 16). With the TUNEL assay, the effects of 212 
could be observed at concentrations as low as 2.5 foM, 
making this compound one of the most potent inducers of 
apoptosis in the library. The induction of apoptosis was 
confirmed by the electrophoretic demonstration of nucle- 
osome-sized DNA from the 212-trcated cells (data not 
shown). Morphologically, cells treated with 212 exhibited 
characteristic apoptotic features, such as condensed 
DNA, fragmented nuclei and little microtubule staining 



(Figure 17). By phase-contrast microscopy, cellular frag- 
mentation was also apparent (data not shown). 

As controls, the N6-methylated derivatives of 52, 60, 97 and 
212 were tested side-by-side with the respective active non- 
methylated compounds. At the same concentrations as the 
active analogs, none of the control compounds induced the 
cell-cycle effects, apoptosis, nor the abnormal microtubule 
features (Figures 16,17). It appears, therefore, that although 
closely related purine derivatives had different effects 
when tested on cultured cells, the effects of the compounds 
on cell-cycle progression were specifically related to their 
chemical structure and their CDK-inhibitory activity. Previ- 
ously, treatment of cells with olomoucine or roscovitine had 
been reported to lead to a Gl/S and G2/M cell cycle arrest 
by a single mechanism [12,20,21]. In contrast, the different 
effects of these more potent and specific CDK inhibitors 
indicates a broader spectrum of activity. It remains to be 
determined whether the selectivity of different purines is 
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Figure 17 
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Morphological analysts of U937 celts treated 
with different CDK inhibitors and their inactive, 
N6*methytated analogs. For these experiments, 
cells were treated with the selected 
compounds for 6 h. Cells were then stained 
with fluorescein antitubutin 
immunocytochernistry to label the microtubules 
(green) and with the DNA-specific dye 
Hoescht 33258 to label the chromatin (blue). 
Samples were analyzed under the 
fluorescence microscope. Insets show the 
representative morphology of cells possessing 
duplicated microtubule organizing centers. In 
60 and 97, arrows indicate the abnormal, 
interphase- like microtubule arrays nucleated 
from these duplicated microtubule organizing 
centers. Note that the chromatin remains 
decondensed in these cells. Unlabeled cells 
are those with interphase microtubule arrays 
and decondensed chromatin. M, cads with 
mitiotic bipolar spindles and condensed 
chromosomes. A, cells with apoptotic features 
such as condensed or fragmented nuclei 
accompanied by little microtubule staining. 



related to the specific molecular mechanism of cell-cycle 
deregulation accompanying cellular transformation. 

Coll- typo selectivity study 

Because different tumors are characterized by genetic 
defects affecting different cell-cycle regulatory pathways, it 
has been hypothesized that compounds that act upon a spe- 
cific pathway might be able to selectively inhibit growth of 
a particular tumor. Given the multiplicity of cell-cycle 
inhibitory activities exhibited by the purine inhibitors 
described, it seemed plausible that different purines would 
show selective growth-inhibitory activity against different 
tumor cell lines. Several active purines (60, 75, 95, 97 and 

Table 2 



Glgo values for selected cancer cell lines (uM). 
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60 


75 


97 


212 


IGROV1 


6.9 


0.98 


6.0 


0.47 


0.79 


(ovarian cancer) 












SR 


7.6 


1.9 


2.3 


0.42 


4.7 


(leukemia) 












NOH522 


2.6 


0.35 


1.9 


1.0 


1.4 


flung cancer) 












KM 12 


7.4 


0.076 


1.4 


0.030 


1.2 


(colon cancer) 












Average Gl^* 


14 


2.0 


3.7 


1J3 


2.1 


Average TGI* 


63 


10 


17 


8.1 


9.8 


Average LC W * 


G1 


66 


65 


35 


35 



•Glgo, growth inhfoitory effect ♦TGI, cytostatic effect *LC Wl cytotoxic 
effect 



212) were therefore selected for testing against the National 
Cancer Institute (NCI) panel of 60 cancer cell lines derived 
from different tumors. Cell growth inhibitory and cytotoxic 
activities of the compounds were found in the micromolar 
to nanomolar range. Although 75 and 212 were less selec- 
tive to different cell types, 60 and 97 showed significant 
selectivity to KM12 colon cancer cells (Table 2). Com- 
pound 95 did not show significant cytotoxicity in these cell 
lines, presumably due to its decreased cell permeability. 

Significance 

Purine ligands are bound by a tremendous variety of 
enzymes in living organisms. Synthetic purine derivatives 
with diverse substituents may have the ability to bind 
selectively to one class of purme-recognizing enzymes. We 
synthesized several hundred 2,6,9-trisubstituted purine 
derivatives using solid- and solution-phase chemistry and 
screened them for inhibition of cyclin-dependent kinase 
(GDKlVcyclin B. In addition to finding several highly spe- 
cific and potent CDK inhibitors, we identified several com- 
pounds that elicited significantly different effects when 
tested in living cells. Compounds 60 (purvalanol A) and 97 
(aminopurvalanol) arrest die cell cycle specifically in the 
G2 phase and induced morphological features consistent 
with their observed CDK1/CDK2 inhibitory activity. In 
contrast, compound 52, a moderate CDK inhibitor, 
induced M-phase arrest, and compound 212, also an active 
CDK inhibitor, induced apoptosis independent of cell-cycle 
phase. This broad spectrum of biological activities suggests 
that different purines might selectively act on different bio- 
chemical pathways affecting cell-cycle progression. 
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The degree of specificity exhibited by some of these 
purines, in terms of their ability to inhibit the cell-division 
cycle at different stages, is quite remarkable. Indeed, both 
structure-activity relationship (SAR) studies and the 
complete inactivity of the iV-methylated analogs indicate 
that the effects of the different compounds are closely 
related to their chemical structures and to their CDK 
inhibitory activity. One possible interpretation of how 
similar CDK inhibitors display different cell-cycle 
inhibitory activities is that they are inhibiting different 
kinases in vivo. Alternatively, they might be inhibiting dif- 
ferent activities of die same CDK, complexed with spe- 
cific cyclins conferring different substrate specificities. 

Materials and methods 

Representative solution phase synthesis 
2'Amino'6-chhrO'9'isopropytpurine (2a). Anhydrous THF (120 ml) 
was added to a flame-dried flask under nitrogen containing 2-amino-6- 
chloropurine (2.0 g, H.dmmol) and triphenyiphosphine (6.2 g, 
23.6 mmoQ. To this was added 2-propanol (1 .4 ml, 23.6 mmol), after 
which the solution was stirred and cooled to -10°C using an ethylene- 
glycol/dry-ice bath. Following the dropwise addition of cfiethyl azodicar- 
boxyiate (2.0 ml, 13.0 mmol), the mixture was gradually warmed to rt. 
After 24 h, the reaction was quenched with 2-propanol (1 .5 ml) and the 
solvent was removed in vacuo. The resulting yellow/white gum was 
purified by column chromatography (1000 ml Si0 2 , eluted sequentially 
with 09:1 and then 98:2 CH 2 CI 2 :MeOH) to afford 2.9 g of 2a as a col- 
orless foam (this product was contaminated with triphenyiphosphine 
oxide and the diethyl hydrazine-NX-dicarboxylate ester byproducts). 
The crude product was trifluoroacetytated without further purification. 
An analytical sample was prepared using preparative thin-layer chro- 
matography (TLC; 1.0 mm thickness, developed with 95:5 
CHaCl^MeOH). Rf 0.35 (CHjC^MeOH 95:5); 'H IMMR (400 MHz, 
CDCy 5 1 .58 (d, 6H, 6.8 Hz), 4.70 (sept, 1 H, 6.8 Hz), 5.29 (br s, 2H), 
7.85 (s, 1H); '*C NMR (101 MHz, CDd 3 ) 5 22.3, 47.1, 125.6, 140.0, 
151.1, 153.4, 158.8; mass spectrum (FAB+) m/e 212 (MH + ); HRMS 
calc'd for (CtH 10 NiO)H+: 21 2.0703, found: 21 2.0703. 

2- Triffuoroaa3tamino^-cfUoro-9isopropy{purine (2b). 2-Amino-6-chloro- 
9-isopropytpurine (3.1 1 g, 14.7 mmol) was dissolved in distilled CH 2 CI 2 
(29 rnO and the resulting solution cooled to 0*C. Triftuoroacetic anhydride 
(6.2 ml, 44 mmol) was added dropwise. The reaction mixture was 
warmed to it over 3 h, concentrated in vacuo and dried further under high 
vacuum. The crude product was purified by chromatography (600 ml 
SiO a , eluted with 20:80 EtOA^CHjCy to yield 4.0 g of 2b (88%). Rf 
0.41 (CHjOjMeOH 95:5); *H NMR (400 MHz, CDOy 6 1.68 (d, 6H, 
6.8 Hz), 4.92 (sept, 1 K 6.6 Hz), 8.59 (s, 1 H), 1 0.20 (s, 1 H). 

2-(24*A-ButykiimethylsilylQxye1hyiam^ 

(3). Trifluoroacetamide 2b (4.52 g, 14.7 mmol), 2-ter^tw%kj^methy1sily^- 
oxyethanol (5.1 8 g, 29.4 mmoO and triphenyiphosphine (7.71 g, 
29.4 mmol) were dissolved in freshly distilled THF (500 m0. The reaction 
mixture was stirred and cooled to 0°C and diethyl azodicarboxylate 
(2.31 ml, 14.7 mmol) was added dropwise over 6mia The reaction 
mixture was warmed to rt, stirred for 12 h, and concentrated in vacuo to 
yield a yellow oil This crude reaction mixture was redissotved in methanol 
(50 mO and combined with an aqueous solution of potassium carbonate 
(16ml, 1.0 M). The hydrolysis was complete within 1 h as judged by the 
disappearance of the trifluoroacetamide (Rf 0.74 EtOActexane 76:25) 
by TLC The resulting white slurry was partitioned between ethyl acetate 
and water (300 ml of each) and the organic layer collected, dried over 
sodium sulfate and concentrated m vacuo. The resulting oil was purified 
by column chromatography (1000 ml SiO^ eluted with EtOAc:CH 2 a 2 
5:95) to yield 3.0 g of 3 (55%). Rf 0.26 (EtOAc:hexane 1:1); *H NMR 
(500MHz, COCy 6 0.06 (s, 8H), 0.90 (s, 9H), 1.57 (d, 6H, 6.8Hz), 



3.57 (q, 2H, 5.6 Hz), 3.80 (t, 2H, 5.6 Hz), 4.69 (sept, 1H, 6.8 Hz), 5.49 
(bs, 1H), 7.76 (s, 1H); ,3 C NMR (1 26 MHz, COCy 5 -4.8, 21.1, 24.8, 
25.0, 43.5, 47.2, 60.2, 123.1, 139.7, 149.8, 152.7, 158.5; mass spec- 
trum for CjeH^NjsOOSi (FAB*)* m/e 371 (MH*). 

2-(2-Hyotoxyethylamino)'6-arutino-9-i$opropfa (42). Compound 
3 (24 mg, 0.06 mmol), aniline (24 uJ, 0.26 mmol) and diisopropylethy- 
lamine (45 |xl, 0.26 mmol) were dissolved in riBuOH (1 .5 ml). The reac- 
tion mixture was stirred at 90°C for 12 h and then concentrated in 
vacuo. The crude product was dissolved in a mixture of THF (200 uJ), 
water (200 uJ) and acetic acid (600 ui). The reaction mixture was stirred 
at rt for 1 2 h, concentrated in vacuo and azeotroped 3 x with methanol 
(3 ml x 3). The crude product was purified by preparative TLC (2 plates 

1 .0 mm thickness, developed twice with 60:40 EtOAc:hexane) to yield 
16.4mg (81%) of 42 as an oil. 'H NMR (400MHz, COCI3): 0 1.52 (d, 
6H, 6.8 Hz), 3.59-3.63 (m, 2H) ( 3.84-3.87 (m, 2H). 4.57-4.65 (m, 
1H), 5.51-5.53 (m, 1H), 7.03-7.07 (m, 1H), 7.27-7.33 (m, 2H), 7.59 
(s, 1 H), 7.75-7.77 (m, 2H), 8.1 6 (s, 1 H); "C NMR (1 26 MHz, CDCy 6 
22.4, 45.1, 46.6. 63.8, 114.8, 120.2. 123.0, 128.7, 135.0, 139.1, 
150.5, 152.4, 160.6; mass spectrum (FAS*) m/e 313 (MH*); HRMS 
calc'd for (C^H^COn*: 31 3.1 777, found: 31 3.1 778. 

2-Ftuoro-6-chloro-9'isopropylpurine (4). Anhydrous THF (60 ml) was 
added under nitrogen to a flame-dried flask containing 2-ftuoro-6- 
chloropurine (0.90 g, 5.2 mmol) and triphenyiphosphine (3.0 g, 
10.4 mmol). To this was added 2-propanol (800 ui, 10.4mmoO, after 
which the solution was cooled to -1 0°C. Following the dropwise addi- 
tion of diethyl azodicarboxylate (850 ui, 10.4 mmol), the mixture was 
warmed gradually to rt. After 1 2 h, the reaction was quenched with water 
(500 ui) and the solvent removed in vacuo. The resulting yellow oil was 
purified by column chromatography (600 ml Si0 2 , eluted with 100% 
CH 2 CI 2 ). The resulting solid was triturated with methanol (to remove the 
diethyl hydrazine-/V,A/'-dicarboxytate ester byproducts) to yield 630 mg 
(57 %) of 4 as a white crystalline solid. Rf 0.54 (MeOH:CH 2 a 2 10:90); 
'H NMR (500 MHz, COOg): 8 1.65 (d, 6H, J = 6.6 Hz), 4.85 (sept, 1H, 
6.8 Hz), 8.1 6 (s, 1 H); ,3 C NMR (1 26 MHz, COCy : 6 22.3, 48.4, 1 30.5, 
143.7, 162.3, 153.1, 156.9 Uc-f=870Hz); mass spectrum (El*) m/e 
214 (M+); anal, calc'd for C a H 8 N 4 FCI: C, 44.77; H, 3.76; N. 26.10; a. 
16.52. Found: C, 44.97; H, 3.76; N, 26.09; a 16.37. 

2-Ruoto&(3^hroanilino)-9-i$opropylpurine (5). A mixture of 4 
(3.75 g, 17.5 mmol), 3-chtoroaniline (1.85 ml, 17.5 mmol) and diiso- 
propylethylamine (3.05 ml, 1 7.5 mmol) were dissolved in n-butanol in a 
sealed tube. After 12h at 140*C, the solvent was evaporated in vacuo, 
the crude product triturated with water, filtered and rinsed with CH 2 d 2 
and ether to yield 3.11 g (58%) of 5 as a white solid. Rf 0.66 
(MeOHO^CIj 5:95); 'H NMR (400 MHz, CDCy 6 1.61 (d, 6K 
J = 6.8 Hz), 4.76 (sept, 1 H, 6.8 Hz), 7.08 (d, 1 H, J - 6.2 Hz), 7.26-7.30 
(m, 1H), 7.64 (d, 1H, 8.2 Hz), 7.84 (s, 2H), 8.72 (s, 1H); ,3 C NMR 
(101 MHz, COCI3) « 22.4, 47.5, 118.9, 120.4, 123.8, 129.9, 134.4, 
138.9, 139.3,150.7, 1 53.2(J C -f = 20 Hz), 157.40^= 19 Hz), 159.5; 
mass spectrum (EI+) m/e 305 (M+); HRMS calc'd for (C V4 H 1S N S CIF)H+: 
305.0844, found: 305.0839; anal, calc'd for C 14 H l3 N 5 aF: C, 55.00; H 
4.29; N, 22.91. Found: C, 55.35, H, 4.37, N, 23.10. 

2-(1 R'tsopropyh2^ydroxyethyianiino)-€'(3'Chloroaniiino)'9 isopropyi- 
purine (60). Compound 6 (1.55g, 5.1 mmoO, W2-amino-3-memyM - 
butanol (559 uJ, 5.1 mmol) and diisopropylethytamine (892 uJ, 

5.1 mmol) were dissolved in n-butanol (1 ml) in a sealed tube. After 
heating the reaction mixture for 12 h at 140X, the n-butanol was 
removed in vacuo and the crude product purified by column chro- 
matography (400 ml SiO^ eluted with 99:1 CH 2 CI 2 :MeOH) to yield 

1.2 g (57%) of 60 as a white solid. Rf0.2 (MeOHrCHjOa 5:95); »H 
NMR (500 MHz, CDCf 3 ) 6 1.04 (d, 6H, 2.0, 6.8 Hz), 1.61 (d, 6H, 2.0, 
6.8 Hz), 1.97-2.05 (m, 1H). 3.72-3.77 (m, 1H), 3.91-4.00 (m, 2H), 
4.63 (sept, IK 6.8 Hz), 5.06 (d, 1H, 7.8 Hz), 6.97-7.00 (m. 1H), 7.20 
(t, 3H, 8.1 Hz), 7.42 (d, 1H, 7.9 Hz), 7.55 (s, 1H), 8.00 (s, 1H), 8.03 (s, 
1 H); ,3 C NMR (1 26 MHz, COCI3) 6 1 8.9, 1 9.4, 22.4, 30.0, 46.5, 59.6, 
65.1, 114.9, 117.5, 119.6, 122.4, 129.6, 134.2, 135.1, 140.5, 150.8, 
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151.8, 159.7; mass spectrum (FAB+) m/e 389 (MH+); HRMS calc'd 
for (C^agNeOa)^: 389.1857, found, 389.1859; anal, calc'd for 
C 1& H 28 N 6 OCI: C, 58.68; H, 6.48; N, 21.61; CI, 9.12; O, 4.11. Found: 
C, 58.54; H, 6.61 ; N, 21.58; a. 9.10; 0, 3.96. 

2~fluorv&(KNHrnethyl)/3^hroanitino)-9'isopropytpurine (6). A 
solution of 5 (110mg, 0.36 mmoQ in dry DMF (1.5 ml) was added 
dropwise to a suspension of NaH (18mg, 0.43 mmol) in dry DMF 
(1 ml). This mixture was stirred for 20 min at rt, after which a solution of 
methyl iodide (35 uJ, 0.36 mmol) in DMF (0.5 ml) was added slowly. 
After stirring 12h, the DMF was removed in vacuo and the crude 
product purified by chromatography (200 ml Si0 2 , eluted with 98:2 
CH-jCtjiMeOH) to yield 1 1 5 mg of 6 (100%) as a white solid. Rf 0.61 
(MeOH:CH 2 a 2 5:95); 'H NMR (COCt,, 400 MHz) 5 1.47 (d, 6H, 
6.8 Hz), 3.73 (s, 3H), 4.68 (sept, 1H, 6.8 Hz), 7.15-7.38 (m, 5H), 
7.63 (s, 1H); mass spectrum (FAB*) m/e 320 (MH + ); HRMS calc'd for 
(C tB H 15 N 6 CIF)H + : 320.1080, found, 320.1080. 

2'(1Rjsopropyf-2'hydroxyethytamino)-6'(N,H '-(methyl), (3-chhro- 
anilino)-9'isopmpyfpun'ne (60Me). Procedure same as that used to 
prepare compound 60. Rf0.25 (MeOH:CH 2 CI 2 5:95); 'HNMR 
(300 MHz, CDCy 5 0.99 (d, 6H, 6.8 Hz), 1 .51 (d, 6H. 6.8 Hz), 1 .65 (br 
s, 2H) ( 1.94 (sept, 1H, 6.8 Hz), 3.81-3.73 (m, 2H), 3.79 (s, 3H), 4.62 
(sept, 1H, 6.8 Hz), 4.83-4.85 (m, 1H), 7.19-7.36 (m, 4H), 7.49 (s, 1H); 
,3 C NMR (76 MHz, COCy 5 19.0, 19.4, 22.4, 22.5, 30.0, 39.8, 46.1, 
59.8, 66.2, 115.6, 124.7, 126.1, 127.1, 129.7, 134.1, 134.5, 146.9, 
152.6, 154.4, 159.3; mass spectrum (FAB*) m/e 403 (MH + ); HRMS 
calc'd for (C^ 27 N 6 OC0H+: 403.2013, found, 403.2013. 

2'Ruoro'6'(N<en'btHoxycarbonyi'3'chtoroaniiino)-9'iso 
(7). Compound 5 (169 mg, 0.55 mmol), di-tertbutykfrarbonate 
(219mg, LOmmoQ, diisopropylethylamine (0.8 ml, 4.6 mmol) and 
dimethytaminopyridine (36 mg) were dissolved in THF (10 ml). After the 
reaction mixture was stirred at rt for 5 h, the solvent was removed in 
vacuo and the crude product was purified by column chromatography 
(80 ml Si0 2 , eluted with ethyl acetate-hexane gradient) to yield 1 76 mg 
(79%) of 7 as a white solid. Rf 0.4 (EtOAc:hexane 12); 'H NMR 
(500 MHz, CDOj) 5 1.47 (s, 9H), 1.63 (d, 6H, 7.0 Hz), 4.84 (m, 1H), 
7.19-7.33 (m, 4H), 8.06 (S, 1H); mass spectrum (FAB+) m/e 408.1 
(MH+); HRMS calc'd for (C^HjjNgOjFOJH*: 406.1446, Found 
406.1437; anal, calc'd for C 19 H 21 N 6 0 2 FCI: C 56.23; H, 6.22; N, 
1 7.26. Found: C, 66.48; H, 6.47; N, 16.99. 

2-( 1 R-lsopropyi'2'hydroxyethyiamino)-6'(tt -ierX-butaxycarbonylS- 
chhroanUino)'9-isopropylpurine (8). To a stirring solution of 7 (108 mg, 
0.27 mmoO in DMSO (10mQ was added R(-)2-amino-3-methyM -butanol 
(202 mg, 1.96 mmoO and cfiisopropytethyiamine (1 ml, 6.7mmo0. After 
heating for 1 2 h at 80*C, the DMSO was removed in vacuo with heating 
to 70^C, and the crude product purified by chromatography (400 ml 
SiO^ eluted with ethyl acetate-hexane gradient) to yield 88 mg (67%) of 
8 as an oil Rf 0.4 (EtOActoxane 2:1); 'H NMR (500 MHz, COCy 6 
0.95 (d, 3H 7.0 Hz), 0.96 (o\ 3H, 7.0 Hz), 1.47 (S, 9H), 1.57 (d, 3H, 
7.0 Hz), 1.68 (d, 3H, 7.0 Hz), 1.94 (m, 1H), 3.44 (bs, 1H), 3.65 <m. 1H), 
3.75-3.77 (m, 2H), 4.68 (m, 1H), 5.18 (d, 1H, 8.0 Hz), 7.21-7.31 (m, 
4H), 7.77 (S, 1H); mass spectrum (FAB*) m/e 489.2 (MH*); HRMS 
calc'd for (Cj^NeOaCOH*: 489.2381, found 4892377. 

2'( 1R'isopropyi-2-dimethyHert'butyfsilyloxyethytamino)-6-(ti -tert- 
but6^carbonyh3'ChJoroaniiino)-9-isopropylpurine (9). Compound 8 
(40 mg, 0.081 mmoO, tert^utykfimethylsilyl chloride (200 mg, 
1.33 mmol) and imidazole (380 mg, 5.58 mmol) were dissolved in THF 
(10 mO and stirred at rt After 24 h, a precipitate had developed which 
was removed by filtration. The solid byproduct was washed with THF, 
concentrated in vacuo and purified by preparative thin layer chromatogra- 
phy (20 x 20 cm, 0.5 mm, ethyl acetate-hexane 1 : 1 ) to give 33 mg (68%) 
of 9 as an oil. Rf 0.7 (ElOAcrhexane 1 :1); 'H NMR (500 MHz, COCy 8 
-O.04 (s, 3H), -C.02 (s, 3H), 0.84 (s, OH), 0.88-0.92 (m, 6H), 1.44 (s, 
9H), 1.55 (d, 3H, 7.0 Hz). 1.56 (d, 3H, 7.0 Hz), 1.97 (br, 1H), 3.69 (m, 
1H), 3.70 (m, 1H), 3.82 (m, 1H). 4.69 (m, 1H), 5.06 (d, 1H, 9.5 Hz), 



7.16-7.30 (m, 4H), 7.73 (s, 1H); mass spectrum (FAB+) m/e 603.3 
(MH + ); HRMS calc'd for (C3oH 4? N 6 0 3 aSi)H + : 6033246, found 
603.3247; anal, calc'd for C^H^OgCISi: C 59.73; H, 7.85; N, 13.93. 
Found: C, 59.83; H, 8.04; N, 13.87. 

2-frl'Benzyf' 1 R^'sopropyh2-hydmjyethyiamino)'6'(3^fofoanifino)'9' 
isopropyfpurine (301). To a solution of 9 (33 mg, 0.055 mmo0 in DMF 
(7 ml) was added sequentially sodium hydride (60% dispersed in mineral 
oil, 94 mg, 2.4 mmol), benzyl bromide (1 00 uJ, 0.84 mmol) and tetrabuty- 
lammonium iodide (68 mg, 0.1 8 mmol) at rt under nitrogen. The reaction 
mixture was stirred for 17 h and then diluted with CH^C^ (50 ml) and fil- 
tered through Sr0 2 (1 00 ml). The filtrate was concentrated in vacuo, and 
hydrolysed with p-totuenesurfonic acid (30 mg) in a mixture of MeOH- 
CHaOa (1:1, 20mQ at rt for 24K After removal of the solvent, the 
product was purified using preparative thin layer chromatography 
(20x20 cm, 0.5 mm, ethyl acetate-hexane 2:1) to give 5 mg (19%) of 
301 as an oil. Rf 0.2 (EtOAcihexane 2:1); 'H NMR (500 MHz, COCy 6 
0.87 (d, 3H, 6.5 Hz), 1.08 (d, 3H, 6.5 Hz), 1.25 (s, 6H), 2.40 (m, 1H), 
3.79 (m, 1H), 3.88 (m. 2H), 4.67 (m, 1H), 4.85 (br s, 2H), 6.99 (br, 1H), 
7.12-7.96 (m, 10H); mass spectrum (FAB+) m/e 479.2 (MH + ); HRMS 
calc'd for (C^H^Ca)^: 479.2326, found 479.2321 . 

Supplementary material 

General synthetic methods and spectroscopic data for all compounds 
included in the main text, as well as details of solid-phase synthesis of 
representative library members and all biological assays (kinase assays, 
cell culture, cell viability assays, cell-cycle and apoptosis assays, flow 
cytometry and cell-cycle analysis and immunocytochemistry) are pub- 
lished with the online version of this paper. 
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